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The adverse effects of ozone-initiated indoor chemistry has recently become an issue 
of active scientific investigation because of its potential health and perceptual 
implications with consequent increase in sick building syndrome (SBS) intensities, 
deterioration in work performance. These effects are translatable to substantial 
economic loss, commensurate with the scale of a country’s knowledge-based 
economic activity performed in the indoor environment. Such undesirable indoor 
chemical reactions are ubiquitous, given that ozone is naturally occurring in the 
atmosphere, and introduced into the indoor environment through ventilation mandated 
by regulatory requirements on minimum outdoor air provisions. Potential reactants 
are equally plentiful indoors, existing as essential and sometimes even as dominant 
compounds in cleaning agents, waxes, deodorants, fabrics and a multitude of 
stationery. The tropical climate (and therefore intense sunlight which results in 
elevated ozone levels), intense office density (and therefore elevated concentration of 
reactants), and the substantial re-circulation of air-conditioned air (because of energy 
conservation) conspire to generate a setting where the implications of ozone-initiated 
chemistry are magnified. By-products within the occupied space are returned to the 
air handling unit (AHU) through recirculation, where they are often sorbed onto 
media filters, building up over time and further participating in ozone-initiated 
reactions. The chemical composition of the generated particles strongly governs their 
toxicity, determines how the respiratory tracts react when inhaled and how the body 
responds. Building occupants may thus be chronically exposed to ozone-initiated 
chemistry oxidation products.  The aim of this thesis is to produce new knowledge 
about the effects of filtration, ventilation rates and recirculation rates on condensed-
phase, ozone-initiated chemistry products (Secondary Organic Aerosols (SOA) 
 viii
particles) within an air distribution system that recirculates a high percentage of its air. 
Additionally, it critically evaluates a potential approach for filtering ozone from 
recirculated air using filters that contain activated carbon and, at the same time 
avoiding the negative consequence of having loaded filters in a ventilation system (i.e., 
the emission of sensory offending pollutants from loaded particle filters). Even 
relatively inefficient particle filters significantly reduce the concentration of 
secondary organic aerosols (SOA) particles resulting from ozone initiated chemistry 
in a room serviced by a system that re-circulates a large fraction of the supply air. The 
higher the recirculation rate, the larger the fraction of SOA particles removed. 
Although increased ventilation with outdoor air increases the outdoor-to-indoor 
transport of ozone and other outdoor pollutants, increased ventilation increases the 
dilution of pollutants with indoor sources, including products of indoor ozone 
chemistry. Activated carbon filters are more effective at reducing ozone and SOA 
particle than filters without carbon. Even filter with a quarter amount of the standard 
carbon content of commercially available bag-type stand-alone combination filter 
incorporating activated carbon significantly improves Perceived Air Quality (PAQ) 
than filter without carbon. New knowledge produced by this PhD study has practical 
implications that are highly relevant to health vis-à-vis the current challenges posed 
by building energy process and building sustainability.  
 
Keywords: Recirculation rate; ventilation rate; filtration; secondary organic aerosols 
(SOA); perceived air quality (PAQ) 
 ix 
List of Tables 
Table  1.1: Indoor sources of ozone-reactive chemicals and common stable 
oxidation products resulting from ozone-initiated reactions with 
the specified emissions. Adapted from Weschler, 2006. 4 
 
Table  3.1: Airflow and airchange rates data 36 
 
Table  3.2: Ozone, limonene, 4-AMC and IPOH concentrations at various 
intervals in the experiments 43 
 
Table  4.1: Airflow and airchange rates data 60 
 
Table  4.2:  Experimental matrix for different ventilation and recirculation 
rates 65 
 
Table  4.3: Steady state limonene concentrations prior to the introduction of 
ozone, as well as steady state ozone and limonene concentrations 
during the phase of each experiment when ozone was elevated. 
The ozone values were measured directly. The limonene values 
were calculated using measured limonene emission rates and 
mass balance considerations. Note that the ozone emission rate 
was 850 mg/h for the low ventilation rate experiments and 380 
mg/h for the high ventilation rate experiments. 68 
 
Table  4.4: Ozone levels, TVOC levels and SOA mass concentrations before 
rain event (at steady state period), during rain event and after each 
of the rain events 73 
 
Table  4.5: Measured first order rate constants for ozone decay after ozone 
generator turned off (ktotal). Also tabulated are the first order rate 
constants for outdoor air ventilation (λV), leakage (λL), removal 
by reaction with limonene (kO3, lim •[lim]) and ozone removal by 
surfaces in the system (ksr,O3). The last of these has been 
calculated using Equation 4. 1. 78 
 
Table  4.6: Comparisons between calculated steady-state ozone 
concentrations, based on mass-balance model using measured 
parameters, and measured steady-state ozone concentrations. 80 
 
Table  4.7: Comparisons between calculated steady-state SOA concentrations, 
based on mass-balance model using measured parameters, and 
measured steady-state SOA concentrations. 82 
 
Table  4.8: Predicted steady-state indoor ozone and SOA concentrations when 
outdoor ozone is constant at 80 pbb. 85 
 
 x 
Table  5.1: Experimental matrix for the sensory assessments after 
randomization 102 
 
Table  5.2: Monthly ozone removal efficiencies for all the tested filters (%) 113 
 
Table  5.3: Weights gains of filters after 6 months of service. The 
contribution of particles and organics to the total weight gain is 
indicated. 117 
 
Table  5.4: Weights gains of filters after the initial and final 3 months of 
service. The contribution of particles and organics to the total 
weight gain is indicated. 117 
 
Table  5.5: Pressure drops of filters prior to the soiling period, after 3 months 













List of Figures 
Figure  1.1: Ozone concentrations in Singapore from 2000 to 2007 3 
 
Figure  2.1:  Knowledge gap 28 
 
Figure  2.2: Schematic diagram representing typical scenario of indoor 
chemistry processes in air conditioned system (with cooling coil) 
utilizing recirculation of conditioned air 30 
 
Figure  3.1: Simplified network representing the air handling unit, ducts, and 
FEC 35 
 
Figure  3.2: Schematic of the air handling system and field environmental 
chamber (FEC) used in the present study. The volume of the FEC 
is 236 m
3
. A new charcoal filter was installed at the outdoor air 
inlet to reduce the influence of outdoor ozone on the system. The 
ozone and limonene sources, as well as the FMPS, ozone, 
limonene and oxidation products sampling points were located 
near the centre of the FEC. Only ceiling mode ventilation was 
used during these experiments; under floor and wall displacement 
ventilation modes were turned off, and the dampers leading to 
their duct pathways were closed. 37 
 
Figure  3.3: Experimental timeline (minutes) 40 
 
Figure  3.4: SOA number (A) and mass (B) concentrations at various times in 
the experiment for each of the four recirculation rates 44 
 
Figure  3.5: SOA number (A) and mass (B) concentrations for various particle 
sizes and time intervals (X1-X5; see text for details) for each of 
the four recirculation rates. 46 
 
Figure  3.6: Decay of the particle count concentrations in different size ranges 
at 11 ACH (A) and 24 ACH (B). 47 
 
Figure  3.7: Surface removal rate constants for ozone at each of the four 
recirculation rates.  The means are the average of the values at X3 
and X4. 50 
 
Figure  3.8: Deposition velocity (vd) as a function of the smooth surface 
reaction probability. Also shown are the values of the critical 
reaction probability, γcrit; for u* values of 0.3 and 3 cms
-1
, and the 
typical indoor ozone deposition velocity of 0.04 cms
-1
.  Adapted 
from Morrison and Nazaroff, 2002. 51 
 
Figure  3.9:  Surface removal rate constants for particles in different size 
ranges at each of the four recirculation rates 53 
 
 xii 
Figure  3.10: Summary of particle deposition loss-rate coefficients from the 
current and recently published studies. Data for the current study 
reflect the maximum and minimum loss-rate coefficient at each 
particle size. The modeling results apply to the range of expected 
indoor conditions for surface-to-volume ratio (S=V=2-4m2/m3, 
with 25% upward facing and 50% vertical surface), friction 
velocity (u*= 0.3-3 cm/s), and particle density (specific gravity sg 
= 1.0-2.5). Adapted from Thatcher et al. (2002). 54 
 
Figure  3.11: Evolution over time in SOA count median diameter (CMD) for 
each of the four recirculation rates. Values are normalized by the 
count median diameter at the time just before ozone was 
introduced, CMD (0). CMD (0) values for 11, 14, 19 and 24 ACH 
were 35, 42, 27 and 30nm 56 
 
Figure  4.1: Schematic of the air handling system and field environmental 
chamber (FEC) used in the present study. The volume of the FEC 
is 236 m
3
; the volume of the recirculation loop is ≈30 m3.  A 
new charcoal filter was installed at the outdoor air inlet to 
reduce the influence of outdoor ozone on the system. The 
limonene diffusion tubes, as well as the FMPS, ozone and TVOC 
sampling points were located near the centre of the FEC. Only 
ceiling mode ventilation was used during these experiments; 
under floor and wall displacement ventilation modes were turned 
off, and the dampers leading to their duct pathways were closed. 59 
 
Figure  4.2:  (a) Filtration efficiencies measured at face velocity of 1.1m/s 
(corresponding to a total air change rate of 8 h-1) for new and 
used filter (b) Filtration efficiencies measured at face velocity of 
2.1m/s (corresponding to a total air change rate of 15h
-1
) for new 
and used filter 67 
 
Figure  4.3: Steady-state SOA number (i) and mass (ii) concentrations as a 
function of particle size during normal periods when ozone was 
elevated.  Note that the ozone emission rate was 850 mg/h for the 
low ventilation rate experiments and 380 mg/h for the high 
ventilation rate experiments. 71 
 
Figure  4.4: Ozone levels, TVOC levels and SOA mass concentrations before, 
during and after a rain event for the "HVHR, no filter" 
experiment. It rained from about 330 min to 380 min. Note: the 
ozone generator was turned off at 420 min. 72 
 
Figure  4.5: SOA mass concentrations during background conditions, during 
normal periods when ozone was elevated and during rain events 
when ozone was elevated. NOTE- The ozone generation rate was 
the same for LVLR and LVHR; this was also true for HVLR and 
HVHR. However, the ozone generation rate was smaller for the 
HV experiments than for the LV experiments 75 
 
 xiii
Figure  4.6: Predicted steady-state SOA concentrations at different outdoor 
ozone concentrations for each total air exchange rate 87 
 
Figure  5.1: Test plenum configuration used for soiling and testing several 
filter types. 99 
 
Figure  5.2:  Field laboratory used for the study 101 
 
Figure  5.3: Schematic diagram for one of the test plenums installed in the field 
labs during the sensory assessments. 101 
 
Figure  5.4: Acceptability of air downstream of the tested filters after 3 months 
of operation. Mean assessed values and 95% confidence intervals 
are shown. The dashed line depicts the mean acceptability 
assessed for air that had passed through the two empty test 
plenums 106 
 
Figure  5.5: Acceptability of air downstream of the tested filters after 6 months 
of operation. Mean assessed values and 95% confidence intervals 
are shown. The dashed line depicts the mean acceptability 
assessed for air that had passed through the two empty test 
plenums 107 
 
Figure  5.6: Odour intensity of the air downstream of the tested filters at the 
final evaluation. Mean assessed values and 95% confidence 
intervals are shown. The dashed line depicts the mean odour 
intensity assessed for air that had passed through the two empty 
test plenums 111 
 
Figure  5.7: Freshness of the air downstream of the tested filters at the final 
evaluation. Mean assessed values and 95% confidence intervals 
are shown. The dashed line depicts the mean freshness assessed 
for air that had passed through the two empty test plenums 111 
 
Figure  5.8: Dustiness of the air downstream of the tested filters at the final 
evaluation. Mean assessed values and 95% confidence intervals 
are shown. The dashed line depicts the mean dustiness assessed 
for air that had passed through the two empty test plenums 112 
 
Figure  5.9: Moldiness of the air downstream of the tested filters at the final 
evaluation. Mean assessed values and 95% confidence intervals 
are shown. The dashed line depicts the mean moldiness assessed 
for air that had passed through the two empty test plenums 112 
 
 xiv 
List of Symbols 
[O3]in =  indoor ozone concentration (ppb) 
[O3]out = outdoor ozone concentration (ppb)  
[O3]ss= steady-state ozone concentration (ppb) 
[SOA]ss = steady-state SOA concentration (µg/m
3
) 
η = fraction of ozone not removed by the carbon filters in the fresh air duct  
λv= exchange of outdoor air with system air  (h
-1
)  
λL= leakage between outdoor air and system air  (h
-1
) 
ηλv[O3]out= amount of ozone transported from outdoors to indoors  
λrecirc= recirculation rate (h
-1
) 
“f” = filter removal efficiency (%) 
R = rate ozone is being generated within the room (ppbh
-1
)  
EO3 = outdoor ozone generation rate (µg/h) depicting outdoor to indoor transport of 
ozone   
V = volume of the system (m
3
) 
[lim]= limonene concentration in the FEC (ppb) 
kO3,lim = second order rate constant for the reaction between ozone and limonene (h
-1
) 
ksr,O3 = the rate at which ozone is removed by surfaces in the system (h
-1
) 
ksr, part = surface removal rate for particles (h
-1
) 
ktotal = sum of several rate constants for 1
st




d[products]/dt = rate at which products are generated by the reaction of ozone with 
limonene  
 xv 
[particle]in(0) = concentration in the chamber (corrected for  the final background 
concentration) at the beginning of the decay 
[particle]in(t) = concentration at time “t”  
Qreturn = return airflow rate 
Qrecirculation= recirculation airflow rate  
Qsupply = supply airflow rate 
Qoutdoor = Outdoor airflow rate 
Qexfiltration = Exfiltration airflow rate 
I2  is the injection rate of tracer gas at injection point 2 
C’ is the tracer gas concentration at sampling point downstream of injection point (2) 
C is the tracer gas concentration at sampling point upstream of injection point (2) 
C1= initial concentration of tracer gas (SF6) at time t1 
 C2= final concentration of tracer gas (SF6)  at time t2 
 




                      







1.1 Background and Motivation 
 
The United State Environmental protection agency (EPA) and its science advisory 
board rank indoor air pollutant among the top 5 environmental risk to public health. 
This gives indication that air we breathe in the indoor environment must be given due 
and consistent attention. In order to avoid outdoor environmental hazards and 
discomfort, human beings, whether consciously or unconsciously, do spend 90% of 
their time in this indoor environment (e.g. offices, homes, factories, buses, aircrafts 
etc) where chemical reactions of indoor gases do take place whether at the gas phase 
or on the interior surfaces (surface chemistry).   
 
Indoor chemistry is being recently recognized as a phenomenon important to indoor 
air quality (IAQ) perception, irritation, and health (Weschler, 2006; Weschler et al. 
2006). Indoor chemistry may result in greater human exposure to oxidation products 
not only because of the increased importance of surface chemistry indoors, but also 
because the concentrations of some of the ozone reactive chemicals can be much 
larger indoors than outdoors (see Table 1.1). Indoor chemistry can be referred to as 
the process of mixture of pollutants in the indoor environments and their subsequent 
chemical reactions to produce short lived, highly reactive, irritating products. These 
products are known to have adverse effects on human health e.g. formaldehyde 
 2 
(Kerfoot and Mooney, 1975; Hendrick and Lane, 1977; Alexandersson et al.1982; 
Burge et al. 1985; Nordman et al. 1985; Ritchie and Lehnen, 1987; Thrasher et al. 
1987; Thrasher et al. 1990; Horvath et al. 1988; Alexandersson and Hedenstierna, 
1988; Alexandersson and Hedenstierna, 1989; Grammer et al. 1990; Malaka and 
Kodama, 1990; Gorski and Krakowiak, 1991; Wilhelmsson and Holmstrom, 1992; 
Kriebel et al. 1993), but consequences of longtime exposure to these products have 
yet to be ascertained.  
  
Ozone (also referred to as trivalent oxygen or saturated oxygen) is a powerful 
oxidizing agent. There are potential health effects due to products that have been 
formed when ozone reacts with certain organic compounds (Weschler, 2006; 
Weschler et al. 2006). These health effects can be different. Reactions can be both in 
the gas phase and on surfaces. Long term exposure to high levels of ozone may result 
in permanent lung damage (Becker et al. 1998). Exposure to ozone can also result in 
cough and chest pain on deep inhalation and shortness of breath, eye, throat and nose 
irritation, increased sensitivity to airborne allergens and irritants, aggravation of 
asthma and higher susceptibility to respiratory infection (Becker et al. 1998).  
 
Ozone level in Singapore are already high and increasing (NEA Singapore annual 
report, 2007-see Figure 1.1). Ozone in outdoor air is photochemically generated from 
a mix of nitrogen oxides and volatile organic compounds (Weschler, 2000). In many 
large cities around the world its outdoor ozone concentration routinely exceeds 100 
ppb during summer months and efforts to reduce ozone levels have been only 
partially successful (Weschler, 2000). As the number of motor vehicles increase, 
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ozone is becoming an increasing problem in developed countries at latitudes with 
large solar fluxes.  
 
 
Figure  1.1: Ozone concentrations in Singapore from 2000 to 2007 
 (Source: NEA Environmental Protection Division 2007Annual Report) 
 
Outdoor ozone levels can vary by two orders of magnitude with time of day, day of 
week and season. When ventilation-air transports ozone from outdoors to indoors, 
ozone/terpenes reactions occur indoors. The chemical composition of indoor air due 
to ozone/terpene chemistry, both its gas phase constituents and its airborne particles, 
can differ significantly from that of outdoor air. Indoor reactions between ozone and 
various ozone-reactive organic compounds are not always important. For these 
reactions to occur, the simultaneous presence of ozone and the reactive organic is 
needed. The level of ozone-reactive organic compounds indoors varies with occupant 
activities (e.g., cleaning, cooking, painting etc.). Table 1.1 (Adapted from Weschler, 




Table  1.1: Indoor sources of ozone-reactive chemicals and common stable oxidation products resulting from ozone-initiated reactions with the specified 
emissions. Adapted from Weschler, 2006. 
Source Reactive emissions Major stable products References 
Occupants (exhaled breath, skin oils, 
personal care products)  
Isoprene, nitric oxide, squalene, 
unsaturated sterols, oleic acid and 
other unsaturated fatty acids, 
unsaturated oxidation products 
Methacrolein, methyl vinyl ketone, 
nitrogen dioxide, acetone, 6MHO, 
geranyl acetone, 4OPA, 
formaldehyde, nonanal, decanal, 9-
oxo-nonanoic acid, azelaic acid, 
nonanoic acid 
Finlayson-Pitts and Pitts (2000), 
Fruekilde et al. (1998), Thornberry 
and Abbatt (2004), Taucher et al. 
(1997), Wisthaler et al. (2005) 
Soft woods; wood flooring including 
cypress, cedar, and silver fir boards; 
houseplants 
Isoprene, limonene, α-pinene, other 
terpenes and sesquiterpenes 
Formaldehyde, 4-AMC, 
pinonaldehyde, pinic acid, pinonic 
acid, formic acid, methacrolein, 
methyl vinyl ketone, SOAs including 
ultrafine particles 
Aoki et al. (2005), Hodgson et al. 
(2000), Iwashita (2005), Kagi et al. 
(2005), Atkinson and Arey (2003), 
SOA references in text 
Carpets and carpet backing 4-Phenylcyclohexene, 4-
vinylcyclohexene, styrene, 2-
ethylhexyl acrylate, unsaturated  fatty 
acids and esters 
Formaldehyde, acetaldehyde, 
benzaldehyde, hexanal, nonanal, 2-
nonenal 
Hodgson et al. (1993), Morrison and 
Nazaroff (2000, 2002), Weschler et 
al. (1992)  
Linoleum and paints/ polishes 
containing linseed oil 
Linoleic acid, linolenic acid  Propanal, hexanal, nonanal, 2-
heptenal, 2-nonenal, 2-decenal, 1-
pentene-3-one, propionic acid, n-
Andersson et al. (1996), Clausen et 
al. (2005), Wolkoff (1995)  
 5 
butyric acid 
Latex paint Residual monomers  Formaldehyde Reiss et al. (1995) 
Certain cleaning products, polishes, 
waxes, air fresheners 
Limonene, α-pinene, terpinolene, α-
terpinene and other terpenes, α-
terpineol, linalool, linalyl acetate and 
other terpenoids, longifolene and 
other sesquiterpenes 
Formaldehyde, acetaldehyde, 
glycoaldehyde, formic acid, acetic 
acid, hydrogen and organic 
peroxides, acetone, benzaldehyde, 4-
hydroxy-4-methyl-5- hexen-1-al, 5-
ethenyl-dihydro-5-methyl-2(3H)- 
furanone, 4-AMC, SOAs  including 
ultrafine particles 
Englund et al. (1996), Liu et al. 
(2004), Nazaroff and Weschler 
(2004), Shu et al. (1997), Singer et 
al. (2006), Wolkoff et al. (1998), 
SOA references in text 
Natural rubber adhesive  Isoprene, terpenes Formaldehdye, methacrolein, methyl 
vinyl ketone 
Aoki et al. (2005), Atkinson and 
Arey (2003) 
Photocopier  toner, printed paper, 
styrene polymers 
Styrene Formaldehyde, benzaldehyde Aoki et al. (2005), Wolkoff et al. 
(1993), Wolkoff (1999) 
Environmental  tobacco smoke Styrene, acrolein, nicotine  Formaldehyde, benzaldehyde, 
hexanal, glyoxal, N- ethylformamide, 
nicotinaldehyde, cotinine 
Destaillats et al. (2006b), 
Shaughnessy et al. (2001)  
Soiled clothing, fabrics, bedding Squalene, unsaturated sterols, oleic 
acid and other unsaturated fatty acids 
Acetone, geranyl acetone, 6MHO, 
4OPA, formaldehyde, nonanal, 
decanal, 9-oxo-nonanoic acid, azelaic 
acid, nonanoic acid 
Fruekilde et al. (1998), Thornberry 




Soiled particle filters Unsaturated fatty acids from plant 
waxes, leaf litter, and other 
vegetative debris; soot; diesel 
particles 
Formaldehyde, nonanal, and other 
aldehydes; azelaic acid; nonanoic 
acid; 9-oxo-nonanoic acid and other 
oxo-acids; compounds with mixed 
functional groups (== O, –OH, and –
COOH) 
Bekö et al. (2006), Hyttinen et al. 
(2003, 2006), Thornberry and Abbatt 
(2004) 
Ventilation ducts and duct liners Unsaturated fatty acids and esters,  
unsaturated oils, neoprene 
C5 to C10 aldehydes  Morrison et al. (1998) 
“Urban grime” Polycyclic aromatic hydrocarbons Oxidized polycyclic aromatic 
hydrocarbons 
Kahan et al. (2006) 
Perfumes, colognes, essential oils 
(e.g. lavender, eucalyptus, tea tree) 
Limonene, α-pinene, linalool, linalyl 
acetate, terpinene-4-ol, γ-terpinene 
Formaldehyde, 4-AMC, acetone, 4-
hydroxy-4-methyl- 5-hexen-1-al, 5-
ethenyl-dihydro-5-methyl-2(3H) 
furanone, SOAs including ultrafine 
particles 
Chao et al. (2005), Karamalegos et 
al. (2005), Shu et al. (1997), SOA 
references in text  
Overall home emissions Limonene, α-pinene, styrene Formaldehyde, 4-AMC, 
pinonaldehdye, acetone, pinic acid, 
pinonic acid, formic acid, 
benzaldehyde, SOAs including 
ultrafine particles 
Hodgson et al. (2000), Park and 
Ikeda (2006), Atkinson and Arey 
(2003), SOA references in text  
Abbreviations: 4-AMC, 4-acetyl-1-methyl-cyclohexene; 6MHO, 6-methyl-5-heptene-2-one; 4OPA, 4-oxopentanal.
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The products formed when ozone reacts with unsaturated hydrocarbon span a range of 
volatilities, from very volatile species such as low molecular weight aldehydes and 
ketones to much less volatile species such as moderate molecular weight carboxylic 
acids and diacids (Glasius et al. 2000). The latter, less volatile species contribute to 
the formation and/or growth of airborne particles that are more accurately referred to 
as secondary organic aerosols or SOA. Secondary organic aerosols are formed from 
low-vapor pressure–oxidation products that partition between the gas phase and the 
surface of preexisting particles or nucleate to form new aerosols (Destaillats et al. 
2006a; Fan et al. 2003, 2005; Long et al. 2000; Rohr et al. 2003; Sarwar et al. 2003, 
2004; Wainman et al. 2000; Weschler and Shields 1999).  
 
The list of investigators who have studied increases in SOA as a consequence of 
ozone-initiated reactions in indoor environments or simulated indoor environments 
continues to grow (Weschler and Shields, 1999; Wainman et al. 2000; Long et al. 
2000; Rohr et al. 2003; Sarwar et al. 2003, 2004; Liu et al. 2004; Hubbard et al. 2005; 
Singer et al. 2006; Destaillats et al. 2006a; Sarwar and Corsi, 2007; Lamorena et al. 
2007; Toftum et al. 2008; Coleman et al. 2008; Langer et al. 2008). Evidence on 
possible health effects of ozone initiated chemistry product is accumulating (Rohr, 
2003; Weschler et al. 2006). However, the formation of SOA in air handling systems 
that recirculate a high percentage of their air (a situation common in the tropics) has 
not been studied. Providing this information will be important for health and 
economic purposes (especially countries whose economy depends mainly on human 
resources performing work in indoor environment) in those regions of the world 
adopting recirculation of conditioned air.  
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1.2 Originality and innovation of the research 
The originality of the research lies in the derivation of new knowledge about the 
ozone-initiated chemistry in air-conditioned buildings that recirculates a high 
percentage of its air, which is common in the tropics. It is innovative in that it 
attempts to provide an understanding of the compromise between ventilation, 
filtration strategies and recirculation rates for design and operation of air-conditioned 
facilities in the tropics.  
 
1.3 Significance of the research  
 
This thesis has produced new knowledge about the effects of filtration, ventilation 
rates and recirculation rates on condensed-phase, ozone-initiated chemistry products 
(Secondary Organic Aerosol (SOA) particles) in air-conditioned buildings that 
recirculates a high percentage of its air. Such systems (recirculation of conditioned air) 
are common in the tropics as well as other warm regions of the developed world. The 
present study builds on our earlier study (Zuraimi et al 2007- reported in chapter 3 of 
this thesis) by investigating previously unexamined but important factors. These 
include: (i) the efficacy of filtration, (ii) the effect of changing ventilation rates, and 
(iii) the effect of ozone from outdoor (as opposed to indoor) origin. Additionally, it 
evaluates a potential approach for filtering ozone from recirculated air using filters 
that contain activated carbon and, at the same time, avoiding the negative 
consequence of having loaded filters in a ventilation system (i.e., the emission of 
sensory offending pollutants from loaded particle filters).  
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In general, for all of the conditions (no filter, new and used filters) investigated in 
Chapter 4, it was observed that the SOA mass concentration at the low recirculation 
rate is significantly higher than that at the higher recirculation rate. This observation is 
consistent with greater particle removal by the surfaces within the air handling system 
(ductwork, cooling coils, and fans) at the higher recirculation rate. While this is 
favorable in terms of reducing the airborne concentration of particles, it means that 
the surfaces accumulate a “cake” of particles. Such cakes may become important 
reservoirs of volatile and semi-volatile organic compounds, re-emitting such 
compounds into the air as conditions vary. Indeed, during the present study it was 
observed that rain events resulted in significant desorption of limonene from surfaces 
and, consequently, increased production of SOA. Although increased ventilation with 
outdoor air increases the outdoor-to-indoor transport of ozone and other outdoor 
pollutants, increased ventilation increases the dilution of pollutants with indoor 
sources, including products of indoor ozone chemistry 
 
When new and used filter results are compared with results from the no filter scenario 
(for all conditions – Low Ventilation Low Recirculation (LVLR), Low Ventilation 
High Recirculation (LVHR), High Ventilation Low Recirculation (HVLR), and High 
Ventilation High Recirculation (HVHR)), it is apparent that the presence of filters 
(new or used) results in much lower SOA particle levels (both number and mass 
concentrations). The reduction in SOA levels as a consequence of filtration is 
especially apparent during the period that ozone-limonene chemistry is producing 
SOA, despite the fact that the new and used filters are relatively inefficient in 
removing particles during a single pass (according to the manufacturer’s 
specifications). This observation is consistent with the recently reported observation 
 10 
by Pui et al. (2008) that even inefficient particle filters significantly reduce the 
concentration of airborne particles in an automobile cabin serviced by a system that 
re-circulates a large fraction of the supply air. A greater amount of filtration occurs at 
the higher recirculation rate because the airstream is passing through the filters more 
frequently, per unit time, at the higher recirculation rate. Furthermore, when new or 
used filters are in the air handling system, the difference between particle 
concentrations at low and high recirculation rates is significantly smaller than when 
no filters are in the system. 
 
Filtration of the re-circulated air alters the size-distribution of the airborne particles, 
shifting it towards particles that are removed less efficiently (the most penetrating 
particles) and away from particles that are removed more efficiently (highly diffusive 
particles and particles with meaningful inertia). It is observed that there does not 
appear to be much difference between new filters and used filters in terms of their 
removal of SOA produced by ozone/limonene chemistry. With the new filter, the 
shape of the mass size distribution is broader than with the used filter; with the used 
filter, the mass peak is sharper. Basically, the new filter appears to be removing fewer 
particles in the 100-130 nm diameter size range than the used filter. Although, the 
used filter reduces SOA as much as a new filter, previous studies have demonstrated 
that used filters emit sensory offending pollutants (Clausen, 2004; Pasanen, 1998; 
Pasanen et al., 1994; Pejtersen et al., 1989); this issue has been addressed in the 
Chapter 5. The SOA particle levels are even lower than with a new or used filter when 
an activated carbon filter is in the system. This added reduction in SOA reflects 
removal of ozone from the airstream by the charcoal filter, and, consequently, a 
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reduced production rate of SOA. The charcoal filter also removes limonene, but to a 
lesser extent.    
 
Though the charcoal (activated carbon) filter reduces the SOA particle levels to a 
greater extent than the new and the used particle filters (without carbon), its filtration 
efficiency for ozone will drop over time as the active sites on the carbon soil. To 
prevent this, pre-filters are typically installed upstream of activated carbon filters. 
However, using pre-filters before the activated carbon filter often requires 
modification of the air handling unit (AHU) and space may not always be available 
for an added bank of pre-filters. Combination filters (integrating activated carbon into 
particle filter) are a potential solution to this problem. They may have the further 
benefit of significantly reducing sensory offending chemicals that offgas from loaded 
filters. Beko et al. (2008a) evaluated the net effect that different bag filters, activated 
carbon filters and combination filters have on perceived air quality after five months 
of continuous filtration of outdoor suburban air. They observed that when a 
combination filter was in place, the air quality was comparable to that achieved by 
using an activated carbon filter downstream of a F7 particle filter and similar to that 
achieved with a new filter. Furthermore, the combination filter removed a large 
fraction of ozone from the air stream, and the pressure drop changed very little during 
the combination filter’s five months of service. However, for economic reasons, it is 
important to use minimum amount of carbon required to avoid sensory pollution after 
several months in operation. Chapter 5 of the present study builds on Beko et al, 
2008a by evaluating different prototypes of combination filters containing varying 
amounts of activated carbon. Our results confirm the earlier findings of Beko et al. 
(2008a). Bag filters incorporating carbon meaningfully improved the quality of the 
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filtered air. Furthermore, after 6 months of continuous operation the combination 
filter with the lowest amount of carbon (light AC filter) provided air quality that was 
comparable to that provided by the new filters or AC filters containing two (medium) 
or four times (heavy) more carbon. In contrast, the 6-month-old F7 filter without 
carbon significantly deteriorated the perceived air quality. The light AC filter has 
limited capacity (when compared with medium and heavy AC filter) to remove 
gaseous pollutants, particularly ozone, from the air passing through. However, even 
the light AC filter removes significantly more ozone from air passing through it than 
does the F7 filter.   
 
There are some limitations to the results presented in this thesis. Changes in outdoor 
particle levels (because of changing amounts of motor vehicle exhaust or other factors) 
that occurred during the experiments complicate the analyses of the resulting data. 
Morning and late afternoon "rush hours" make it difficult to determine what 
background concentrations would be in the middle of the day if there were no 
chemistry. Changes in outdoor weather conditions, especially rain, impact the system 
and also complicate the analysis. However, the rain events have also alerted us to the 
importance of desorption (of sorbed organics) in the system. In the present studies, the 
desorbed limonene reacts with ozone to produce additional SOA. Others organics are 
also likely to be desorbed during rain events. These may not participate in chemistry, 





                                           
 






2.1 Ozone/terpene chemistry 
When ozone reacts with alkenes (unsaturated hudrocarbon), radical products such as 
OH (hydroxyl), HO2 (hydroperoxyl) and RO2 (organic peroxy radicals) are formed, as 
well as stable products such as aldehydes, peroxides and condensed phase compounds, 
some of which are potential airway irritatants (Calogirou et al. 1999; Wolkoff et al. 
2000). Ozone/alkene  reaction products are mostly  low vapour pressure in nature. 
Thus, they can self nucleate or condensate onto existing particulate matter (PM) to 
form secondary organic aerosol.  Example of alkenes reacting ozone to form this 
products include terpenes, isoprene, α-pinene.  
 
Inorder for ozone/alkene chemistry to be important indoors, reactions must occur at 
such a rate that they can compete with the air change rate.  Only a small fraction of 
the reactions between indoor air pollutants meet such requirement (Weschler, 2000). 
From chemical kinetics considerations, the half life t1/2 is defined as the time required 
for the concentration of a reactant to fall to one-half of its initial value. Limonene 
(which is an example of terpenes) was chosen for this study because it’s half-life 
ranges from 60-500mins when it is the process removing indoor ozone, (and that of  
α-pinene  ranges from 130-1100mins)  while half-life of indoor ozone when removed 
by air exchange rates ranges from  21-210 mins. Thus, ozone/limonene (terpene) 
chemistry is more important. Inaddition, limonene sources are commonly found 
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indoors, e.g. orange peel (Limonene, comprises 95% of the oil in an orange's peel), 
airfreshener and pine cleaners, wood products, wood based furniture coatings, 
perfume, etc. The reaction between ozone and limonene produces formaldehyde, 4-
acetyl -1-methylcyclohexen, limona ketona, and limonaldehyde (Grosjean et al. 1992; 
Hakkola et al. 1994), 3-isopropenyl-6-oxoheptanal (IPOH) (Norgaard et al 2006).   
  
2.2 Ozone initiated chemistry and health  
 
Co-occurrence of ozone and reactive organic compounds in the indoor environment 
can lead to various complaints like lip dryness, eye aching, dizziness, eye smarting, 
headache, claustrophobia, indoor air quality, odour intensity (Kleno and Wolkoff, 
2004; Strom-Tejsen et al. 2008). Using a mouse bioassay, researchers have 
demonstrated that terpene oxidation products—in ozone/terpenes systems—are more 
irritating to the upper air-ways than are terpenes or ozone alone (Wolkoff et al. 2000; 
Clausen et al. 2001; Rohr et al. 2002; Wilkins et al. 2003; Wolkoff et al. 1999). 
Ozone/limonene (typically the most abundant terpene found in indoor environments) 
oxidation products may cause trigeminal stimulation and possibly eye irritation at 
ozone and limonene concentrations close to maximum values usually measured in 
typical indoor environments (Kleno and Wolkoff, 2004; Nojgaard et al. 2004).  
 
Apte et al. (2008) studied association between ambient ozone concentrations and 
building related symptoms prevalence. Their study showed a clear relationship 
between ambient ozone concentrations and building related health symptoms e.g. 
upper respiratory eyes, neurological, and headache. They hypothesized that the cause 
of this symptoms is ozone initiated indoor chemistry. Their hypothesis is supported by 
fairly large positive correlations with ambient ozone and formaldehyde, acetaldehyde, 
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pentanal, hexanal and nonanal, (products of indoor ozone chemistry which are known 
sensory irritants with low odour threshold).  
 
The chemically reactive ozone initiated chemistry gaseous products (with low 
vapourization properties) that attach themselves to particulate matter that floats in the 
air (aerosol) can dissolve into the particle matter due to their solubility properties 
(Rohr et al. 2003). This contributes to the toxicity characteristics of the ultrafine 
particle (i.e. secondary organic aerosol). The water solubility of a pollutant influences 
its impact on the airway: the most water-soluble chemicals affect the eyes, nose, and 
throat; less water-soluble chemicals affect the middle airway -bronchial tubes; and the 
least water-soluble chemicals affect the lower airway-deep lung and alveoli (Weschler 
et al. 2006). Reactive oxygen species generation in the heart muscle and/or in the 
endothelial cells may also aid toxic effects of ultrafine particle (Delfino et al. 2005; 
Okayama et al. 2006; Simkhovich et al. 2008) generated by ozone initiated chemistry 
when inhaled. Toxicological studies have shown that ultrafine particles can be more 
hazardous than their larger-scale counterparts (Borm et al. 2004; Knaapen et al. 2004; 
Wold et al. 2006; Morawska et al. 2008).  It has been suggested that after inhalation 
exposure, ultrafine particles may translocate into the blood stream and can be found in 
remote organs e.g., the heart (Nemmar et al. 2002). The size, surface area, chemical 
composition, and ability of ultrafine particles to translocate through the epithelium of 
terminal bronchioles and alveoli are thought to be important in relation to adverse 
health effects (Delfino et al. 2005; Oberdörster et al. 2005). 
 
Ultrafine particles generated from reaction of realistic indoor concentrations of ozone 
and limonene may not cause adverse health effect after short time exposure (Wolkoff 
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et al. 2008). Chemical content of ultrafine particles depends on the subjects’ 
chemesthesis (chemically provoked irritation) response. In the case of a 
limonene/ozone mixture (at realistic concentrations), subjects’ chemesthesis response 
increased over time (Weschler et al. 2006). The duration of the exposure has an 
amplifying effect on both chemesthesis magnitude and sensitivity (Cometto-Muniz et 
al. 2004). Therefore, adverse consequence of ultrafine particle formed from ozone 
/limonene chemistry (at realistic concentration) should be considered in terms of low-
dose long-term exposure (Langer et al. 2008). 
 
2.2 Mitigation strategies  
Given the above review, limiting ozone and its initiated chemistry products 
concentration is essential for building occupant health and comfort. Sherman and 
Matson (2003) identified ventilation and air filtration as major mitigation strategies 
for reducing concentration of pollutants supplied to indoor environment via 
mechanical ventilation system. 
 
2.2.1 Ventilation Filters 
 
Ventilation system is essential in maintaining good indoor air quality in modern 
buildings. To ensure clean indoor air within a building, ventilation system must expel 
stale air and replenish it with clean fresh outdoor air. However, simple this may seem, 
it is not always the case. This is because as technical devices ventilation system needs 
maintenance for proper functioning. If not properly maintained, they may have 
adverse consequences on indoor air quality perception, irritation and health as a result 
of occupant exposure (Fanger et al. 1988; Pejtersen et al. 1989).  
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Ventilation filters are the most commonly used filtration method for the removal of 
particles from outdoors and recirculated air. Ventilation filters become reservoirs of 
atmospheric dust and, simultaneously, VOCs adsorbed onto them by removing 
particles from supply air. This usually makes them the strongest odour source in the 
ventilation system (Pejtersen et al. 1989; Finke et al. 1993). Odour emission increases 
with increasing loading of the filter (Hujanen et al. 1991).  
 
Apart from ventilation filters’ negative impact on perceived air quality; the indoor air 
pollution from used filters could lead to other perception and even Sick Building 
Syndrome (SBS) symptoms after longer exposure (Clausen et al. 2002). In a field 
study by Wyon et al. (2000), significant improvement in self- estimated productivity 
of workers was observed when new filter were used as compared to used filter. 
Wargocki et al. (2004) performed a well controlled field intervention experiment in a 
call-centre providing a telephone directly service. Their results agreed with earlier 
studied by Wyon et al. (2000) (uncontrolled field experiment). They reported 
significant improvement in some SBS symptoms and environmental perceptions with 
use of new filter. Used ventilation filters could also contribute to indoor chemistry to 
produce noxious compounds (Clausen, 2004). 
 
Beko et al. (2006) studied contribution of sensory pollutant by oxidation process of 
ozone initiated chemistry from used filters. They added ozone to the air stream 
passing through used ventilation filters. Two flow rates were examined (0.2 and 
1.0l/s). They observed that while upstream ozone concentration was 75ppb, the 
concentration down stream of the filter were initially 35-50% lower. However within 
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an hour downstream concentrations were only 5-10% lower than those upstream. 
Their results gave evidence that removal efficiency of ozone by a used filter 
decreased over time and support the assumption that a fraction of the organic 
compounds or soot associated with particles accumulated on the filter surface was 
oxidized by ozone in the air that passed through the filter.  
 
In companion studies they conducted, human subjects were asked to assess the air 
passing through various used filter samples. Four used filter samples (100 mm 
diameter) were first ventilated in the test rigs for 24 h. Three of them were then placed 
for an additional 24 h in separate 200-l sealed glass chambers containing either ozone, 
nitrogen or ambient air. An ozone concentration of approximately 400 ppb was 
maintained in the first glass box throughout the exposure period. The second glass 
box was flushed with nitrogen and sealed after inserting the sample. Ambient air 
containing no ozone was in the third glass chamber. The fourth ventilated sample was 
placed for 24 h in an oven heated to 100
o
C. The oven contained ozone-free ambient 
air. Three sets of sensory assessments were conducted: (i) before treatment in order to 
ensure that all four samples initially had equivalent effects on perceived air quality, (ii) 
immediately after the treatment, and (iii) after air had flowed through the filters for 2 
h. Between 19 and 20 human subjects were reported to have participated in each 
assessment. The subjects used a continuous acceptability scale to evaluate the air 
quality. They made assessments one at a time, and there was at least 1 minutes of 
refreshment between assessments for each subject 
 
Their subjective assessment revealed that in the initial evaluation of each of the four 
filters samples, taken from the same filter and ventilated for 24hr, were assessed to be 
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equivalent. For subsequently evaluation done immediately after the samples had been 
kept for 24hr in either nitrogen, air, air treated at an elevated temperature or ozone, 
the subjects assessed the nitrogen treated filter to be best, while ozone treated filter 
was assessed to be the worst. For the final evaluation that occurred after ambient air 
had passed through the “treated filter” for 2hr, the subjects assessed the ventilated 
filters to be more acceptable than immediately after 24hr treatments while the 
ozonized and air-treated filters were assessed to be the most polluting of four. 
 
Beko et al. (2007) did further study to provide evidence of oxidation products on filter 
and the influence of time in service. Experiments were performed that used either 
particle production or ozone removal as probes to further improve understanding of 
such processes. They observed that the measured ratio of downstream to upstream 
submicron particles concentration increased when ozone was added to air passing 
through samples from loaded particle filters. They also reported observation which is 
consistent with low volatility oxidation products desorbing from the filter and 
subsequent partition between the gas phase and the surface of partices that have 
passed through the filter including particles that were previously too small (<20nm) to 
be detected by the instrument used during the studies. They also found in a related set 
of experiments conducted with unused filter and filter that had been in service from 2 
to 16 weeks that ozone removal   efficiencies changed in a manner that indicated at 
least 2 different removal mechanism which are (i) reactions with compounds present 
on the filter media following manufacturing, and (ii) reactions with compounds 
associated with captured particles. They noted that contribution from the former 
varies with the type and manufacturer of the filter while that of the later varies with 
the duration of services and nature of captured particles. In complementary 
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experiments they observed that a filter sample protected from ozone during its 9 
weeks of service had higher ozone removal efficiencies than an identical filter not 
protected from ozone during the same 9 weeks of service filtering the same air. They 
conclude from the studies that a filter exposure history subsequently influence the 
quantity of oxidation products generated when air containing ozone flows through it.  
 
Kalliokoski et al. (2006) tested used filter from two office buildings in laboratory for 
odour intensity and organic compound released into the air. Supply air filters were 
collected from two office buildings located in Helsinki after their normal period of 
use. The filters were tested in a full scale ventilation unit in a laboratory. Volatile 
organic compounds (VOCs) and carbonyl compounds were collected simultaneously 
before and after the filters. VOC samples were collected onto Tenax GR tubes and 
analysed with gas chromatography-mass spectrometry (GC/MS) after thermal 
desorption. Carbonyl compounds were collected onto Acidified 2,4-
dinitrophenylhydrazine (DNPH) cartridges and analysed with High Performance 
Liquid Chromatography (HPLC). Odour evaluation was made by a trained panel of 7-
14 young adults. Tests were done at low and high relative humidity (RH) of air. They 
observed that odour intensity increased already in the beginning of the ventilation 
system but more after filtration. At the low RH, the prefilter was the main source 
whereas additional odour emission was temporarily observed from the fine filter at the 
high relative humidity. Filtration did not affect the concentration of aldehydes at low 
RH but an increase was detected at high RH.  
 
Mysen et al. (2006) performed a double-blinded study on emission from different 
types of used ventilation bag filter and their impact on perceived air quality. New 
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filter banks of cityflo filter and F7 filters were put into two similar ventilation systems 
with continuous air flow (24hours per day). The filters were positioned straight after 
the air intake louver. After three months of use, the test filters were carefully taken 
out and transported in sealed plastic bags directly to an emission-laboratory where the 
measurements took place. An untrained panel of 15 participants made sensory 
assessments after the samples had been ventilated for 24 and 168 hours in the 
laboratory. The assessment order was randomized and the assessment subjects were 
told to wait one minute between assessments. The assessment votes were marked on 
the DTU split scale of air quality acceptability (see appendix B). They found that the 
used F7- filter deteriorate the air quality significantly compared to new/no filters. The 
used F-7 filter deteriorated the air quality significantly compared to the similarly used 
cityflo-filters. 
 
Hyttinen et al. (2006) did a study on removal of ozone by clean, dusty, and sooty 
supply air filters. The removal of ozone on supply air filters was studied. Especially, 
the effects of dust load, diesel soot, relative humidity (RH), and exposure time on the 
removal of ozone were investigated. Some loss of ozone was observed in all the filters, 
except in an unused G3 pre-filter made of polyester. Dust load and quality influenced 
the reduction of ozone; especially, diesel soot removed ozone effectively. Increasing 
the RH resulted in a larger ozone removal. The removal of ozone was highest in the 
beginning of the test, but it declined within 2 h reaching almost a steady state as the 
exposure continued. However, the sooty filters continued to remove as much as 25–
30% of ozone. Up to 11% of ozone removed participated in the production of 
formaldehyde. Small amounts of other oxidation products were also detected. 
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Beko et al. (2005) measured ultrafine particle concentration upstream and 
downstream of filter sample when air passing through the filters either did or did not 
contain ozone. They conducted the experiment using small scale test equipment in 
low polluting office with very low background ozone level. They reported that the 
downstream/upstream ratio was higher when ozone was present. This indicates the 
creation or growth of ultrafine particles after the air has passed through the filter.   
 
Hytttinen et al. (2003) conducted laboratory and field experiment (from nine different 
Finnish office buildings) to examine potential reaction of ozone on used filters. The 
filters had removal efficiencies (F5 to F8 ratings) and had been in service for 
approximately one year. Their study indicates that used filter removed a part of the 
ozone from supply air. This could be beneficial due to the toxic properties of ozone. 
Although they observed low reduction of ozone (4-10%), the negative effects of 
oxidation products may exceed the effects of ozone. 
 
Hyttinen et al. (2001) studied adsorption and desorption properties of the dust 
accumulated on air filter by using a small scale test apparatus with model compounds. 
The dust samples were loaded with the model compounds either by adsorption from a 
constant concentration in air flow or by direct injection of dust. They measured 
desorption at three different relative humilities of air (4-5%, 40-50%, 70-80%). They 
observed that constant relative humidity of air did not affect the rate of desorption in 
the test room; however, an increase in humidity substantially increased desorption of 
the model compounds. They observed similar results when experiments were 
conducted using dirty filters without added model compounds. They also observed 
carboxylic acids, aldehydes, terpenes to be emitted from clean and dusty filter 
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materials; the emission profiles were similar for the pre-filters and main filters, but 
emission were higher from pre-filter than from the main filter.  
 
Zhao et al. (2007) measured the ozone removal efficiencies of clean (unused) 
fiberglass, clean synthetic filters, and field loaded residential and commercial filters in 
a controlled laboratory setting. They observed that for most filters, the ozone removal 
efficiency declined rapidly but converged to a non-zero (steady state) value; the 
steady state ozone removal efficiency varied from 0% to 9% for clean filters; the 
mean steady-state ozone removal efficiencies for loaded residential and commercial 
filters were 10% and 41%, respectively. They conducted repeated exposure of filters 
to ozone following a 24-h period of no exposure; they observed a regeneration of 
ozone removal efficiency (Beko et al. 2003). They estimated HVAC filter to 
contribute 22% and 95% of total ozone removal in residential and commercial HVAC 
system, respectively. 
 
2.2.2 Recirculation  
 
A measure of how quickly the air in an interior space is replaced with recirculated air 
is known as recirculation rate. Proportion of air recirculation (%) is known as amount 
of recirculated air returned to indoor space.  
 
There is a theoretical models according to which the use of recirculated air could 
cause adverse effects (Jaakkola et al. 1994). Use of high proportion of recirculated air 
can lead to extreme homogenization of air, causing sensory confusion and strain on 
the system when it is trying to interpret the signals. Human sensory system uses a 
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pattern recognition mechanism in the sensation of indoor air with complex 
environmental adaptation to the inhaled air (Berglund and Lindvall, 1986).  
 
Jaakkola et al. (1994) conducted a blinded crossover trial on air recirculation and sick 
building syndrome among 75 workers who had reported symptoms related to the work 
environment or perceptions of poor indoor air quality. Participants reported their 
ratings of symptoms, their perceptions, and related information in a diary. The blinded 
study, four period crossover trial was carried out in two identical buildings, 
contrasting 70% return air (index phase) with 0% of return air (reference phase). Each 
period lasted 1 work-week. Their study detracts from the theory that changes in the 
physical character of air due to recirculation (homogenization) causes the symptoms 
of the sick building syndrome (Berglund and Lindvall, 1986). They observed that the 
use of 70% recirculated air in the context of sufficient intake of outdoor air appeared 
not to increase mucosal irritation, skin or allergic reactions, or general symptoms, nor 
to increase the reporting of poor air quality.  
  
Pui et al.(2008) investigated the effectiveness of recirculating air filtration on 
reducing exposure to incidental and intentionally produced airborne nanoparticles 
under two scenarios: while driving in traffic, and while generating nanomaterials 
using gas-phase synthesis. They tested the recirculating air filtration in two 
commercial vehicles when driving in traffic, as well as in a non ventilated room with 
a nanoparticle generator, simulating a nanomaterial production facility. They also 
measured the time-resolved aerosol size distribution during the in-car recirculation to 
investigate how recirculating air filtration affects particles of different sizes. They 
observed that the use of inexpensive, low-efficiency filters in recirculation systems is 
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shown to reduce nanoparticles concentrations to below levels found in a typical office 
within 3 minutes while driving through heavy traffic and within 20minutes in a 
simulated nanomaterials production facility. 
 
Sabersky et al. (1973) monitored ozone concentration against time for home with and 
without recirculation. A house was filled completely with outside air and then isolated 
from the outside as much as possible; after filling the house with outside air, all 
windows and doors were closed. In their first experiment, persons walked through 
various rooms in normal activity but there was no forced internal circulation of air; in 
this case the ozone decayed exponentially in time from an initial concentration of 
230ppb to 40ppb in 30minutes. In their second experiment, the air was circulated by 
means of an internal circulation system involving only ordinary glass fiber filters; in 
this case the ozone decayed exponentially in time from 230ppb initially to 30ppb in 
about 20 minutes.  
 
2.2.3 Ventilation  
 
Ventilation rates express the flow rate of outside air brought into a building and are 
typically normalized by the volume of space being ventilated (air changes per hour), 
by the area of the floor being ventilated (cubic meter per hour) or by the number of 
people being served (cubic meter per person). The required ventilation depends upon 
the intensity of a problem and not the size of a room and hence number of air change 
rate per unit time is a poor criteria for control and has limited applicability. The rates 
at which used air is exchange with outdoor air do have influence on secondary organic 
aerosols generated by ozone initiated chemistry. The efficacy of ventilation for 
controlling organic compound concentrations can vary considerably depending upon 
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the operation of the building, the pollutant sources and the physical and chemical 
processes affecting the pollutants; thus, source control measures, in addition to 
adequate ventilation are required to limit concentration of organic compounds in 
indoor environments (Hodgson et al. 2003).  
 
Weschler et al. (2000) did a study on the influence of ventilation on reactions among 
indoor pollutants. They use a one compartment mass balance model to simulate uni-
molecular and bi-molecular reactions occurring indoors. The initial modeling assumes 
steady-state conditions. They also modeled a non-steady state scenario because at low 
air change rates, there may be insufficient time to achieve steady state. In the cases 
examined, the results demonstrate that the concentrations of products generated from 
reactions among indoor pollutants increase as the ventilation rate decreases. They also 
supplement the modeling studies with a series of experiments conducted in typical 
commercial offices. The reaction examined was between ozone and limonene. The 
ozone was present as a consequence of outdoor-to-indoor transport while limonene 
originated indoors. Results were obtained for low and high ventilation rates. They 
observed a consistent result with the modeling studies. The concentrations of 
monitored products were higher at the lower ventilation rates even though the ozone 
concentrations were lower.  
 
Weschler et al. (2003) examine the influence of air change rates (ventilation rate) on 
the concentrations of secondary organic aerosols as well as the evolution of their 
particle size distributions. The experiments were performed in a manipulated office 
setting containing a constant source of d-limonene and an ozone generator but was 
remotely turned “on” or “off” at 6h intervals. The air change rates during the 
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experiments were either high (working hours) or low (non-working hours) and ranged 
from 1.6 to >12h
-1
, with immediate exchange rate. They observed evidence for 
coagulation among particles in the smallest size range at low air change rates (high 
particle concentrations) but no evidence of coagulation was apparent at higher air 
change rates (low particle concentrations). They also observed that at higher air 
change rates the particle count or size distributions were shifted towards smaller 
particle diameters and less time was required to achieve the maximum concentration 
in each of the size ranges where discernable particle growth occurred.  
 
2.3 Knowledge gap 
Given above review, the role of ozone and ozone initiated chemistry causing adverse 
health effects clearly warrants mitigation strategies studies. Researchers have risen to 
this task. However, studies examining these mitigation strategies for ozone initiated 
chemistry products in a system recirculating larger percentage of it air is lagging 
behind. There is need to have empirical evidence and understanding on how filter, 
ventilation and recirculation rates can be used to mitigate formation of SOA derived 
from ozone initiated chemistry in such a system. This information will be useful for 
design, operation and maintenance of air-conditioning system to promote building 



















Figure  2.1:  Knowledge gap 
 
In hot, humid climates it is inadvisable to use 100% outdoor air (practice common in 
the temperate region) in mechanically ventilated buildings. Not only is energy needed 
to cool and dehumidify the outdoor air, but moisture can condense on already cool 
surfaces as air is transported from outdoors to indoors. To address these concerns, 
recirculating a fraction of the conditioned air has become an important part of energy 
conservation and dehumidification strategies in many parts of the world (e.g. 
Singapore and other South East Asian countries, the United States, South America 
closer to the equator, the Caribbean, the Middle East, Africa closer to the equator, 
Australia). In both Singapore and the United States, typically 90% of the conditioned 
air is recirculated, while only 10% is exhausted and replaced with outdoor air (see 
Figure 2.2). In systems that incorporate recirculation, the outdoor air and recirculated 
air are commonly mixed before the airstream passes through ventilation filters and 
across the cooling coil. Concerns regarding CO2 emissions, coupled with finite oil 
Non-recirculation of  
conditioned air scenario 
Recirculation of  
conditioned air scenario 
Temperate region Tropical region 
Knowledge gap 
VS 
Understanding the impact, ventilation filters & air change rate could have on O3 & ozonlysis 
concentration and particle size distribution under recirculation of conditioned air scenario is needed. 
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supplies, are anticipated to be increasingly important drivers for making air-
conditioned buildings more energy efficient. In the future, the use of recirculation in 
ventilation systems is expected to be even more common, especially in warmer, 
humid regions of the populated world. 
 
Despite the common use of recirculation in ventilation systems, surprisingly little has 
been done to understand the effect of recirculating a large fraction of the conditioned 
air on reactions among indoor and outdoor pollutants and subsequent occupant 
exposures. In single pass systems, the by-products of ozone initiated chemistry would 
ultimately be exhausted (Fick et al., 2004, 2005). Unlike a single pass system, in a 
recirculating system compounds in the return air have an opportunity to react with 
ozone. Weschler and Nazaroff (2004) noted that recirculation of conditioned air may 
result in ozone of outdoor origin reacting with terpenoids of indoor origin within the 
air handling system itself; the air delivered to rooms would then contain oxidation 
products. In a recirculating system, SOA derived from ozone-initiated chemistry can 
form as the air moves downstream from the point where mixing occurs between 
outdoor air (containing ozone) and return air. If a filter is present downstream of the 
mixing, some of the aerosol will be removed as the airstream flows through it. SOA 
producing chemistry between ozone and reactive species will continue downstream of 
the filter, and in the indoor space serviced by the system. Over time, more and more 















Figure  2.2: Schematic diagram representing typical scenario of indoor chemistry processes in 
air conditioned system (with cooling coil) utilizing recirculation of conditioned air 
 
2.4 Research hypotheses 
The above reviewed studies on ventilation filters suggest how filter placed in 
mechanical system can remove ozone and particles from outdoor air. Various organic 
compounds are associated with the captured particles, and some of these, especially 
those with unsaturated carbon-carbon bonds, can react with ozone in the airstream 
passing through the filters (Hyttinen et al. 2003; Weschler, 2004; Beko et al. 2007). 
The by-products of this surface chemistry on building filters are transformed to more 
highly oxidized species (Weschler et al. 2004). With mechanical ventilation system 
recirculating large percentage of indoor air (containing ozone and unsaturated 
hydrocarbons) many times across a filter, more surface chemistry is anticipated with a 
used filter with recirculation history than new filter. Some of the oxidation products of 
the surface chemistry on the used filter are anticipated to have vapour pressures that 
result in significant volatilization into the airstream (Weschler et al. 2004) and thus, 
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higher SOA concentration indoors. Therefore, the first derived hypothesis is given 
below.    
 
• Hypothesis 1: Over a given period of time of typical operating office hours, 
levels of SOA might be higher with a used filter in the system than a new filter 
under scenario of recirculation of conditioned air.  
 
If ventilation rate (outdoor air change rate) is kept constant and recirculation rate is 
varied (from low to high) in an experimental scenario, it means the residence time 
(allowable time for chemical reaction to take place) in the system would basically be 
the same for all the experiments. The higher recirculation rate would simply be 
moving the air through a closed system at a faster rate. Thus, as recirculation rate 
increases, the boundary layer adjacent to the surface of the indoor space and 
recirculation loop becomes thinner. This presumably will affect deposition of particles 
and therefore resulting into larger surface removal of particles (reactants and reaction 
products). Thus, the second derived hypothesis is given below.  
 
• Hypothesis 2: Higher recirculation rate will result in lower production of SOA 
in indoor space. 
 
Above reviewed studies on ventilation rate suggest dilution as a result of increased 
ventilation can reduce ozone and ozone initiated chemistry products concentration. 
Thus, the third derived hypothesis given below is based on this understanding.  
 
 32 
• Hypothesis 3: Higher ventilation rate (with ozone generation rate appropriate 
to constant outdoor ozone) will result in lower production of SOA in indoor 
space. 
 
2.5 Research objectives 
The study provides a systematic evaluation on the effects that filters, ventilation and 
recirculation rates could have on ozone-initiated oxidation products under scenario of 
recirculation of conditioned air.  
 
The objectives are: 
 
(1) To examine the impact of recirculation rate, ventilation rate and filtration 
downstream of the zone where mixing occurs on the concentration of 
condensed-phase, ozone-derived oxidation products (i.e., SOA) in a model 
room whose air was supplied by such a system that recirculates a large 
percentage of its supply air.  
 
(2) To recommend effective measures for minimizing exposure of occupant to 




                                         
3 Chapter 3: A preliminary study on the impact of building 
recirculation rates on secondary organic aerosols 





This chapter aims to provide preliminary understanding on the effects of recirculation 
rates (with no filter in the system) on ozone-initiated oxidation of limonene, the 
concentration of the resulting secondary organic aerosol and the size-distribution of 
this aerosol.  
 
3.2 Methods  
3.2.1 Field environmental chamber 
 
The experiments were conducted in a large unoccupied field environmental chamber 
(FEC) simulating an office environment (11.5 x 7.9 x 2.6 m; 236 m
3
). The FEC has 
flooring laid with inert polymeric tiles, office furniture, sealed windows and acoustic 
ceiling tiles. The air handling unit (AHU) that serves this space is located in a room 
above the FEC. Outdoor air is provided via an internal airshaft drawing air from the 
roof of the building where a carbon filter was placed to reduce the ingress of outdoor 
ozone, NO2 and VOCs. The removal efficiency of the carbon filter ranged from 0.22 
to 0.96 for different VOCs as determined in another study (Tham et al., 2004) and 
0.48 ± 0.03 for ozone as determined in the present study. The fresh air is 
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psychrometrically mixed with the return air, filtered and conditioned by the cooling 
coil before being distributed to the FEC via ceiling mounted diffusers. For these 
studies the particle filters were removed from the AHU. Return air is drawn from the 
main zone by way of grilles integrated into the suspended ceiling. The approximate 




3.2.2 Recirculation rates  
 
The recirculation rates in these experiments were 11, 14, 19 and 24 h
-1
 (air change per 
hour) while the outdoor air (ventilation) change rate was maintained at 1 h
-1
. The 
recirculation rates in the system were determined using mass balance model equations 
(3.1 to 3.3). The return airflow rates were determined by the constant injection 
technique (Roulet & Vandaele, 1990) using a mass flow controller and SF6 as the 
tracer gas. The tracer gas was injected in the return air ducts. The concentrations of 
SF6 were sampled up- and down-stream of the injection point using a high volume 
pump and analyzed with a photoacoustic IR spectrometer until steady state values had 
been achieved (Roulet & Zuraimi, 2003). Exfiltration airflow rates were determined 
from leakage rates in the FEC. Different recirculation rates were achieved by 
increasing the fan speed. Outdoor airflow rates were monitored (at the outdoor air 
duct) to be constant using Airflow Micromanometer MEDM 5000 during this process. 
Outdoor air (ventilation) change rates were then determined by dividing the outdoor 
air rate with the volume of the system.  It was very difficult to control constant 
outdoor (ventilation) airflow rate when changing the recirculation airflow rate because 
whenever the recirculation airflow rate is changed (due to change in fan speed) the 
outdoor (ventilation) airflow rate also changes and vice versa due to the design of the 
system (see Figure 3.2). Working within this limitation, in order to ensure constant 
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outdoor (ventilation) airflow rate, I adjusted the outdoor air damper using our building 
automated system (BAS) meant for the ventilation system used for the experiment. In 
addition to this, I also cover part of the outdoor air inlet (with taped cardboard paper) 
until the constant outdoor airflow rate is achieved. The outdoor airflow rate was also 
monitored at intervals to ensure the already set outdoor airflow rate at the beginning 
of the experiment is still the same as experiment progresses. For convenience during 
the actual experiments due to 13 experiments to be conducted and the need to be 
adjusting the outdoor air damper and portion covered by the cardboard until constant 
outdoor airflow is achieved, I determined outdoor (ventilation) air change rate by 
dividing the measured outdoor air flow rate (after necessary controls) with the volume 
of the system.  
 
The recirculation rate values (nominal) used should be read with caution. However, 
sensitivity analyses show that there is very negligible difference between nominal 














Qreturn =  I2/(C’-C)         (3.1) 
Where:  
I2  is the injection rate of tracer gas at injection point 2 
C’ is the tracer gas concentration at sampling point downstream of injection point (2) 
C is the tracer gas concentration at sampling point upstream of injection point (2) 
 
Qsupply = Qreturn + Qexfiltration        (3.2) 
 
Qsupply=Qrecirculation+ Qoutdoor        (3.3) 
 











































262 1 2856 189 3045 2783 10.5 11 
262 1 3644 245 3889 3627 13.6 14 
262 1 4735 495 5230 4968 18.7 19 
















Figure  3.2: Schematic of the air handling system and field environmental chamber (FEC) 
used in the present study. The volume of the FEC is 236 m
3
; the volume of the recirculation 
loop is ≈30 m
3
. A new charcoal filter was installed at the outdoor air inlet to reduce the 
influence of outdoor ozone on the system. The ozone and limonene sources, as well as the 
FMPS, ozone, limonene and oxidation products sampling points were located near the centre 
of the FEC. Only ceiling mode ventilation was used during these experiments; under floor and 
wall displacement ventilation modes were turned off, and the dampers leading to their duct 




Throughout each experiment limonene was released using modified emission vials at 
a constant emission rate (350 mg h
-1
). The time required for limonene concentrations 
to reach steady state was determined prior to these experiments by observing real-time 
total volatile organic compound concentrations using the photoacoustic IR 
spectrometer. After the limonene concentration had reached steady state, an ozone 
generator was used to introduce ozone to the FEC at a rate of approximately 600 mg 
h
-1 
(see Discussion Section 3.4.1); ozone was introduced for 3 hours. The net 
concentration of limonene after reaction with ozone was in the range of 100 to 200 
ppb, while the net concentration of ozone was in the range of 70 to 225 ppb. 
 
Ozone concentrations were monitored continuously using a UV photometric analyzer 
operating at a wavelength of 254 nm with 1 minute sampling intervals. The analyzer 
determines ozone concentrations in the room based on its absorption of ultraviolet 
light within a closed cell, continuously referenced to a clean air sample (see Appendix 
A for details). The instrument was placed in the middle of the room with the sampling 




Limonene was actively sampled five times during an experiment: in the beginning, 
before ozone was introduced (X1); 30 minutes after ozone injection (X2); 10-30 
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minutes after the 1
st
 steady state condition (X3); the 2
nd
 steady state condition, about 
10-30 minutes before stopping ozone injection (X4); and in the decay portion of the 
experiment, 30 minutes after stopping ozone injection (X5). The steady state 
conditions (X3 and X4) were determined by observing real-time ozone profiles for 
each experiment. Limonene was actively sampled on Tenax TA sorbent contained in 
stainless steel tubes (1/4” OD x 3.5”). The sampling tubes had been preconditioned 
for 1 hour in a stream of 30 ml min
−1
 inert helium at 300 °C for 180 min using an 
automated thermal desorber (ATD 400, Perkin Elmer). No ozone scrubbers were 
employed, which may result in ozone reactions with Tenax or with some of the 
adsorbed species. However, degradation of Tenax TA by ozone can occur during 
sampling and thermal deposition analysis (Clausen et al. 1997; Kleno et al. 2002; Fick 
et al. 2001). Tenax is a synthetic polymer consisting of 2,6-diphenyl-p-phenylene 
ether units used for sampling of volatile organic compounds with boiling points above 
approximately 50 °C. It is hydrophobic, thermally stable in the absence of O2, and has 
a low chromatographic background (Roberts et al. 1984; Harper, 2000). However, 
collecting air samples with adsorbents in general involves the risk of artifact 
formation. For example, terpenes may rearrange as a result of acid catalysis on the 
adsorbent (Stromvalll and Petersson, 1992).  
 
Ozone is reported to degrade Tenax (Neher and Jones 1977; Pellizzari et al. 1984; 
Walling et al. 1986; Cao and Hewitt, 1994; Clausen and Wolkoff, 1997). The 
degradation pattern is complex and includes the frequent observation of benzaldehyde 
and acetophenone (Roberts et al. 1984; Cao and Hewitt, 1994; Clausen and Wolkoff, 
1997). Reaction mixtures of limonene and ozone, which contain no residual O3, also 
degrade Tenax, producing 2,6-diphenyl-p-hydroquinone (DPHO) (Clausen and 
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Wolkoff, 1997). Additionally, ozone (O3) reacts with adsorbed terpenes to give 
increased amounts of oxidation products at the expense of the terpenes. 
 
Roberts et al. (1984) and Pellizari et al. (1984) have observed a decreasing yield in 
benzaldehyde, phenol, and acetophenone after repeated O3 exposure of Tenax GC. It 
was hypothesized that the adsorbent surface was depleted in readily degradable 
oligomers. However, another explanation could be depletion of degradable impurities 
not removed by thermal cleaning of the Tenax. The observed degradation products are 
not necessarily primary in nature but may arise from thermal breakdown of unknown 
degradation products. However, Clausen and Wolkoff (1997) found that 2,6- 
diphenyl-p-benzoquinone (DPQ) and DPHQ were not thermally degraded to other 
Tenax degradation products. O3 may add to the double bonds of  DPQ, but this 
reaction should be much slower than its reaction with terpenes, since the carbonyl 
groups are electron withdrawing (Paquette, 1995). In a series of experiments, 
crystalline DPQ and DPHQ was exposed to high concentrations of O3 for 1 h and 
dissolved in methanol. TD-GC-MS analysis revealed none of the observed 
degradation products (Clausen and Wolkoff, 1997). However, oxidation of DPQ on 
the Tenax surface may proceed at a different rate than oxidation of the crystalline 
form and therefore cannot be excluded. 
 
Flow-rates were measured before and after sampling using an airflow calibrator and 
then averaged to account for any flow drift. Two of the primary gaseous products of 
the ozone/limonene reaction, 4-acetyl-1-methyl cyclohexene (4-AMC) and 3-
isopropenyl-6-oxoheptanal (IPOH), and other unsaturated alkenes were collected 








Figure  3.3: Experimental timeline (minutes) 
 
The sampled limonene, 4-AMC, IPOH and unsaturated alkenes were desorbed using 
the Automatic Thermal Desorber (ATD) and transferred via a heated (200 
o
C) fused 
silica line (length: 1.5 m) into a gas chromatograph (GC). The thermal desorption 
program included leak checks to ensure sample integrity. The tubes were then purged 
with chromatographic-grade helium for 1 minute after which the samples were 
thermally desorbed at 300 
o
C for 10 minutes. The analytes were then transferred to a 
cold trap where cryofocussing was performed at -30 
o
C. The focusing trap was flash 
heated up to 300 
o
C at a rate of 40 
o
C/sec. The VOCs were separated on a 30mm x 
0.25mm x 0.25µm film thickness, crosslinked 5% PH ME siloxane low bleed 
capillary column with the following temperature program: 30 
o
C hold for 4 min, 3 
o
C/min up to 5 
o
C/min ramp to 220 
o
C. Trace VOCs in the carrier gas were removed 
using a VOCs trap in series with a gas purifier. The compounds were identified using 
a mass selective detector (MSD), National Institute of Standards and Technology 
(NIST) library and the elution times compared with those of pure compounds 
(Zuraimi et al. 2006).  
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VOCs used for calibration were of high purity (<99.7%) acquired from AccuStandard 
Inc. A 5-point calibration was performed on the GC-MSD system using the VOCs 
standards prepared by serial dilutions of known amounts in methanol. The standards 
were injected into preconditioned tubes. The standards were analyzed using ATD-
GC-MSD procedures similar to those used for the samples. The calibration curves 
were linear with R
2
 values generally greater than 0.99. Limits of detection (LOD) for 
the VOCs were determined by making 5 replicate measurements of concentrations 
near the expected detection limit (within a factor of 5).  The LODs calculated ranged 
from 0.49 ng/trap (limonene) to 0.96 ng/trap (IPOH) equivalent to 0.21 ppb (limonene) 
to 0.42 ppb (IPOH). 
 
Throughout the experiments, a high resolution 32-channel Scanning Mobility Particle 
Sizer (SMPS) (Model 3034, TSI, Inc., St. Paul, MN) monitored concentrations and 
size-distributions of particles in the range from 10 to 500 nanometers (nm). The 
instrument was set up in the middle of the room with the SMPS inlet about 1.2 m 
above the floor. The SMPS was operated in a continuous sampling mode utilizing 180 
second sample intervals to obtain a single size distribution. The SMPS software 
calculates the mass concentration for each channel using the number concentration by 
assuming that all particles detected in a given channel have a diameter equal to the 





3.3 Results  
3.3.1 Reactant concentrations 
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The indoor concentrations of the reactants (limonene and ozone) are given in Table 
3.2. In general, it is observed that the concentrations were lower at higher 
recirculation rates. This is clearly observed for the ozone concentrations at different 
recirculation rates. During the experiment at 11 ACH (recirc) when the ozone 
generator was on, the resulting steady-state ozone concentrations (X3 and X4) were 
195 and 225 ppb. During the experiment at 14 ACH (recirc), the resulting steady-state 
ozone concentrations were 170 and 175 ppb. During the experiment at 19 ACH 
(recirc), the resulting steady-state ozone concentrations were 118 and 128 ppb. Finally, 
during the experiment at 24 ACH (recirc), the resulting steady-state ozone 
concentrations were 70 and 80 ppb. The limonene concentrations displayed a similar, 
but less defined trend. The steady-state limonene concentrations measured at 11 ACH 
(recirc) were larger than those measured at 14 ACH (recirc), which, in turn were 
larger than those measured at 19 ACH (recirc); those measured at 19 and 24 ACH 













Table  3.2: Ozone, limonene, 4-AMC and IPOH concentrations at various intervals in the 
experiments 
Concentrations at Different Intervals (ppb) Compound Recirculation 
Rates (ACH) X1 X2 X3 X4 X5 
11 12 101 195 225 81 
14 12 85 170 175 57 
19 11 59 118 128 78 
Ozone 
24 17 33 70 80 47 
11 390 230 210 200 260 
14 145 130 140 140 170 
19 150 140 105 125 250 
Limonene  
24 210 170 115 155 190 
11 0.9 4.4 5.6 6.3 3.0 
14 0.6 3.7 2.8 4.5 1.8 




24 0.1 3.8 1.8 4.2 1.6 
11 0.0
 a
 1.2 1.4 1.8 0.3 
14 0.0
 a 0.9 0.6 0.5 0.1 
19 0.0




 a 1.8 0.5 1.6 0.1 
a
 peak not observed.  
 
3.3.2 Product concentrations 
 
4-AMC and IPOH are gas phase products of the reaction between ozone and limonene 
(Grosjean et al., 1992). The results presented in Table 3.1 show that their resulting 
steady-state concentrations (X3 and X4) were larger at 11 ACH (recirc) than at 14, 19 
and 24 ACH (recirc) but the trend is not well defined between 14, 19 and 24 ACH.  
 
3.3.3 Secondary organic aerosols (SOA) 
 
Figure 3.4A shows the sum of the particle count concentrations measured for the four 
experiments. It reveals that the total SOA concentrations generated through indoor 
chemistry were significantly lower at the higher recirculation rates. When the ozone 
generator was on and the recirculation rate was low (11 ACH), the peak number 
concentration was 250000 particles cm
-3




. On the other hand, when the recirculation was high (24 ACH), the peak number 
concentration was 100000 particles cm
-3
 and the plateau was 50000 particles cm
-3
. 
The mass concentrations followed a similar trend (Figure 3.4B). At 11 ACH, the 
steady state mass concentration was about 350 µg m
-3
 while at 24 ACH, the steady 











Figure  3.4: SOA number (A) and mass (B) concentrations at various times in the experiment 
for each of the four recirculation rates 
 
The recirculation rates also influenced the size-distributions of the particles from the 
moment that SOA began to form in the chamber. This is illustrated in Figures 3.5A 
and 3.5B where the average number and mass concentrations of particles in different 
size ranges are presented for each of the recirculation rates at intervals X1 to X5. In 
the beginning (A-X1), at 11 ACH (recirc) the size-distribution based on number 
concentration peaks at a particle-size of about 30nm; at 14, 19 and 24 ACH (recirc) 
there appears to be little difference among the size-distributions, with the peak 
occurring in the range of 50 to 70 nm. During steady state conditions (A-X3 and A-















































between 50 and 70 nm, while at 14, 19 and 24 ACH (recirc), it peaks somewhere 
between 95 and 105 nm.  
 
In general, the size-distributions based on mass concentration display peaks that occur 
at significantly larger particle diameters than the corresponding distributions based on 
number concentrations. There is little in the way of discernable differences among the 
distributions for the four recirculation rates in the beginning of the experiments (B-
X1). During steady state conditions (B-X3 & B-X4), the size-distribution of particle 
mass-concentration at 11 and 14 ACH (recirc) peak at slightly higher values (between 
300 and 350 nm) than at 19 and 24 ACH (about 300 nm).  
 
After the ozone generator was turned off, the particle concentration began to decay. 
Figure 3.6A shows decay plots for particles in different size ranges at a recirculation 
rate of 11 ACH, while Figure 3.6B shows analogous decay plots at 24 ACH. At 
recirculation rates of 11 and 14 ACH, the concentration decay begins almost 
immediately after shutting off ozone (as shown in Figure 3.6A for 11 ACH). 
Conversely, at recirculation rates of 19 and 24 ACH there was a plateau before the 
particle count concentrations began to decrease (as shown in Figure 3.6B for 24 ACH). 
At 24 ACH (recirc) there were “humps” at the beginning of the decay curves for 
particles smaller than about 150 nm diameter. As demonstrated by these observations, 
at high recirculation rates the particle count concentration decayed in a manner that 
deviated from first order kinetics in the first 20 to 30 minutes after turning off the 

































Figure  3.5: SOA number (A) and mass (B) concentrations for various particle sizes and time 
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Figure  3.6: Decay of the particle count concentrations in different size ranges at 11 ACH (A) 
and 24 ACH (B). 
 
3.4  Discussion  
Residence time is the allowable time for chemical reaction to take place in indoor 
environment. The higher the residence time the higher the concentration of particles 
that will be generated and conversely. If outdoor air change rate is increase, the 
residence time will decrease.  Since the outdoor air change rate was constant at 1 
ACH, the residence time in the system was basically the same for all of the 
experiments. The larger recirculation rate was simply moving the air through a closed 
system at a faster rate. As the recirculation rate increased, the boundary layers 
adjacent to the surfaces in the FEC and especially in the ducts of the recirculation 
loop became thinner. This presumably resulted in larger ozone deposition velocities 
(Ozone deposition velocity is the rate of speed at which ozone is removed by indoor 
surfaces) (Sabersky et al. 1973; Cano-Ruiz et al. 1993; see below), and therefore 
larger ozone surface removal rates, at larger recirculation rates. The recirculation rate 


























































within the FEC, especially the moist surfaces of the cooling coil and the air ducts in 
the recirculation loop. 
 
Similar to the deposition velocities of ozone, the deposition velocities of the SOA 
(produced by the ozone/limonene chemistry) are anticipated to be larger at higher 
recirculation rates. Furthermore, at higher recirculation rates, especially as the air 
flows through the ductwork, collisions among particles are enhanced resulting in a 
larger reduction in the total number of particles as a consequence of coagulation 
(Hinds, 1982; Weschler et al. 1996). Hence, there are two reasons for the lower SOA 
levels at the higher recirculation rates -- the smaller production rates of SOA due to 
lower concentrations of reactants and the larger particle loss rates through surface 
deposition and coagulation (whose primary effect is on the number concentration).  
 
3.4.1 Surface removal rate constants for ozone 
 
A simple mass balance model is used to compare the surface removal rate constants 
for ozone, ksr,O3 as defined in Weschler (2000), at different recirculation rates:   
 
d[O3]in/dt = ηλv [O3]out + R – [O3] in { ksr,O3 + λv + (kO3,lim •[lim])}           (3.4) 
 
where [O3]in is the indoor ozone concentration (ppb); [O3]out is the outdoor ozone 
concentration (ppb); η is the fraction of ozone not removed by the carbon filters in the 
fresh air duct (roughly 0.1 to 0.2); λv is the exchange of outdoor air with system air (h
-
1
); R is the rate ozone is being generated within the room (ppb h
-1
); [lim] is the 
limonene concentration in the FEC (ppb); and kO3,lim is the second order rate constant 




; Atkinson et al (1990)). 
The amount of ozone transported from outdoors to indoors, ηλv[O3]out, can be 
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neglected since it is small compared with R. Additionally, reactions involving other 
alkenes and ozone have been neglected since their contribution to ozone removal is 
small compared to the ozone-limonene reaction. For example, the concentration of 
isoprene, the second most abundant alkene measured in the FEC, was roughly two 
orders of magnitude less than that of limonene, and the ozone/isoprene rate constant is 
smaller than that for ozone/limonene (Atkinson et al., 1990). Under steady state 
conditions (intervals X3 and X4), d[O3]in/dt = 0, and Equation 3.4 reduces to: 
 
ksr,O3 = R/[O3] in - {λv + (kO3,lim •[lim])}                                       (3.5) 
   
The value of R was assumed to be constant throughout these experiments. We have 
calculated the value of R by assuming that ksr,O3 was 1.0 h
-1
 at a recirculation rate of 
11 ACH; this value is consistent with values reported in other studies (Nazaroff et al., 
1993; Weschler and Shields, 1994), given the volume, construction and furnishings of 
the FEC. We made educated guesses regarding ozone's surface removal rate constants 
in the FEC. The most extensive measurements of ksr,O3 are in a paper by Lee et al. 
(1999). They found that the "mean decay rate measured in the living rooms of 43 
Southern California homes was 2.80 h
-1
. We judged that the FEC had a much smaller 
surface-to-volume ratio than a typically furnished Southern California living room. 
Hence, we judged that ksr,O3 would be smaller than 2.8 h
-1
. We chose 1 h
-1
 as a rough 
estimate at a recirculation rate of 11 h
-1
; this is what Weschler and Shields (1994) had 
measured in the sparsely furnished telephone switching office with a small surface-to-
volume ratio.  
 
Using this assumption, the value for R was 1200 ppb h
-1
 (600 mg h
-1
). This value was 
then used to calculate ksr,O3 at recirculation rates of 14, 19 and 24 ACH. Figure 3.7 
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illustrates the removal rates for the four recirculation rates at times X3 and X4, as well 
as the average of these two values. The results indicate that the surface removal rates 
increased with increasing recirculation rates. The same conclusion would be reached 
if a different value were used for R, although the actual values for ksr,O3 would be 
different. This conclusion is consistent with the observations of Sabersky et al. (1973). 
This also concurs with modeling results presented by Morrison and Nazaroff (2002). 
In Figure 3.8 (adapted from their article), the deposition velocity was shown to 
increase as the friction velocity increases; the friction velocity is a measure of the 
















Figure  3.7: Surface removal rate constants for ozone at each of the four recirculation rates.  






































































































Figure  3.8: Deposition velocity (vd) as a function of the smooth surface reaction probability. 
Also shown are the values of the critical reaction probability, γcrit; for u* values of 0.3 and 3 
cms
-1
, and the typical indoor ozone deposition velocity of 0.04 cms
-1
.  Adapted from Morrison 




3.4.2 Surface removal rate constants for particles 
 
As noted above, the decrease in particle number-concentrations at higher recirculation 
rates (Figures 3.4A and 3.5A) is primarily attributable to the smaller production rates 
due to lower concentrations of reactants and increased rates of surface removal and 
coagulation. The following equation, derived from a mass balance model for particles, 
describes the particle number concentrations in the FEC after the ozone generator was 
turned off:  
 
 [particle]in(t) = [particle]in(0) exp[−(λv+ ksr,part)t]                     (3.6) 
  
where [particle]in(0) is the concentration in the chamber (corrected for  the final 
background concentration) at the beginning of the decay; [particle]in(t) is the 
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concentration at time “t”; and λv is the exchange of outdoor air with system air (h
-1
). 
Note that Equation 3.6 neglects several factors: i) outdoor-to-indoor transport of 
particles with the ventilation air; ii) the fact that some secondary organic aerosol 
continues to form even after the ozone generator is turned off; and iii) particle loss 
due to coagulation. Considering the high particle concentration produced in the FEC 
(from the ozone initiated chemistry) due to high concentration of ozone generated 
during the experiment, outdoor-to-indoor transport of particles makes a negligible 
contribution to the total particle count at the time when the ozone generator is turned 
off. Continued particle growth has the greatest influence in the smallest size ranges; 
contributions from such growth become smaller as “t” becomes larger and the ozone 
concentration approaches zero. Coagulation may contribute to the decay in number 
concentrations in some size bins, but coagulation also becomes less important as the 
ozone concentration approaches zero due to the resultant lower particle concentrations.  
 
Using Equation 3.6, the surface removal rate constants ksr,part for particles in different 
size-ranges were determined from periods during the post-ozone interval of each 
experiment. The specific periods chosen for analysis were those that displayed 1
st
-
order decay in number concentration; at higher air exchange rates it could take as long 
as 20 minutes following the cessation of ozone generation for 1
st
-order decay to 
develop. Figure 3.9 shows the surface removal rate constants at different recirculation 
rates for particles from the 62 nm bin to the 469 nm bin (below 62 nm the results were 
inappropriate due to ongoing SOA production). In a given size-range, the particle-loss 
rate constant is larger at higher recirculation rates. These results are consistent with 
results presented by Thatcher et al. (2002), who observed that the surface removal rate 
constants for particles in all size ranges increased by factors ranging from 1.3 to 2.4 as 
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the mean airspeed in the core of their test room increased from < 5 to 19 cm/s. It is 
difficult to compare their core airspeeds with the core airspeeds in the FEC and the 
mean airspeeds in the recirculation ducts, and their measurements began at a median 
particle diameter of 0.55 um, close to where our measurements end. However, the 
particle removal rates in Figure 3.9 can be compared with particle removal rates for 
similarly sized particles as reported in other studies (summarized in Figure 3.10 
adapted from Thatcher et al. 2002); such a comparison indicates that the removal rates 
in Figure 3.9 tend to be larger than anticipated, especially at higher recirculation rates. 
Additional particle removal probably occurred on the surfaces of the cooling coils, fan 
blades and air ducts as the recirculated air passed through the recirculation loop; 












Figure  3.9:  Surface removal rate constants for particles in different size ranges at each of the 






































































































































































Figure  3.10: Summary of particle deposition loss-rate coefficients from the current and 
recently published studies. Data for the current study reflect the maximum and minimum loss-
rate coefficient at each particle size. The modeling results apply to the range of expected 
indoor conditions for surface-to-volume ratio (S=V=2-4m2/m3, with 25% upward facing and 
50% vertical surface), friction velocity (u*= 0.3-3 cm/s), and particle density (specific gravity 
sg = 1.0-2.5). Adapted from Thatcher et al. (2002). 
 
3.4.3 Coagulation of SOA at high recirculation rates 
 
Weschler and Shields (2003) conducted experiments to determine the effects of air 
exchange rates on indoor SOA size distributions and mass concentrations. The authors 
reported evidence for coagulation of SOA in the beginning of their experiments. A 
similar observation has been made in the present study. Figure 3.4A shows that at 24 
ACH the total particle number concentration reached a maximum value of 100,000 
particles cm
−3
 at 27 minutes and then decreased to 50,000 particles cm
−3
 by 54 
minutes. Figure 3.4B shows that during this same period (27 to 54 mins) the total 
particle mass concentration continued to grow, increasing from 10 µg m
−3
 to 70 µg 
m
−3
. A similar trend was observed for the experiment conducted at 19 ACH, but such 
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a trend was less apparent for the experiments conducted at the lower recirculation 
rates. The increase in total particle mass concentration while total particle count 
concentration decreased is evidence for coagulation, although a fraction of the mass 
increase is due to co-occurring condensation.  
 
For each of the four recirculation rates, Figure 3.11 presents the count median 
diameter at different times after ozone was first introduced, CMD(t), normalized by 
the count median diameter at t = 0, CMD(0). The values for CMD(0) at recirculation 
rates of 11, 14, 19 and 24 ACH were 35, 42, 27 and 30 nm. For all four recirculation 
rates, CMD(t)/CMD(0) increased with time, as expected from a combination of 
coagulation and condensation processes. However, the ratio ultimately exceeded three 
at higher recirculation rates (19 and 24 ACH) whereas it reached only about two at 
lower recirculation rates (11 and 14 ACH). That is, at higher recirculation rates the 
CMD evolved towards a larger value than at the lower recirculation rates. This is not 
due to higher concentrations of low vapor pressure products at the higher recirculation 
rates; the values measured for 4-AMC and IPOH display an opposite trend (Table 3.2). 
Instead the explanation appears to be higher coagulation rates, shifting the CMD to 






















Figure  3.11: Evolution over time in SOA count median diameter (CMD) for each of the four 
recirculation rates. Values are normalized by the count median diameter at the time just 
before ozone was introduced, CMD (0). CMD (0) values for 11, 14, 19 and 24 ACH were 35, 
42, 27 and 30nm 
 
Figure 3.6A shows that at 11 ACH the particle concentrations from the 62 nm bin to 
the 407 nm bin began to decay almost as soon as the ozone generator was shut off. In 
contrast, Figure 3.6B shows that at 24 ACH there was a lag of approximately 20 
minutes between the time when the ozone generator shut off and the time when the 
particle concentrations began to decrease. This was evident for the particle 
concentrations in each of the monitored size-ranges and implies that at high 
recirculation rates semi-volatile oxidation products were still being generated and 
were still condensing on particles and/or particles were coagulating slightly faster 
than the rate at which the particles were being removed by air exchange and surface 
















































would favour prolonged generation/condensation of oxidation products. Instead, 
coagulation appears to be responsible for the delay in decays shown in Figure 3.6, 24 
ACH. The “humps” observed at high recirculation rates for bins of smaller particles 
(e.g., the bins centered on 62.6, 72.3 and 103.7 nm diameter) are further evidence for 
coagulation. In effect, in these smaller size ranges, coagulation is causing particles to 
“grow into” a bin at a faster rate than particles are “growing out” of a bin or are being 
depleted by surface removal and air exchange. 
 
3.5 Conclusion  
This preliminary study has shown that the rate at which air is recirculated through a 
room can have a significant effect on the products of ozone-initiated indoor chemistry. 
In the case of gas phase products, 4-AMC and IPOH, the product concentrations are 
smaller at higher recirculation rates, primarily because of the lower precursor 
concentrations at higher recirculation rates. In the case of secondary organic aerosols, 
both particle number- and particle mass-concentrations are significantly smaller at 
higher recirculation rates. There are multiple reasons for this, including the lower 
precursor concentrations, the larger particle deposition velocities (resulting in larger 
surface removal rates), and, in the case of particle number-concentrations, increased 
coagulation at higher recirculation rates. Raising the recirculation rates from 11 to 24 
ACH, increased the surface removal rate constants for particles in all of the monitored 
size-ranges by factors ranging from 2 to 4. Additionally, consistent with previously 
reported results (Weschler et al. 1996), the size-distributions of the particle number-
concentrations were shifted towards larger particles at higher recirculation rates. 
These findings have health implications since the size of a particle partially 
determines where it is deposited in the respiratory tract (Yeh et al. 1996). 
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4 Chapter 4: The impact of filters, recirculation and ventilation 





 4.1 Introduction  
This present study builds on Chapter 3 study by investigating previously unexamined 
but important factors. These include: (i) the influence of filtration, (ii) the effect of 
changing the ventilation rate, and (iii) the influence of ozone from outdoor (as 
opposed to indoor) origin. Additionally, it critically evaluates a potential approach for 
filtering recirculated air. The aim of the current study is to improve our understanding 
of the commonly encountered situation in which ozone of outdoor origin reacts with 
terpenes of indoor origin in a mechanical ventilation system that recirculates a large 
percentage of its supply air. 
 
4.2 Methods 
4.2.1 Facilities  
Figure 4.1 is a schematic of the air handling system and unoccupied 11.5 X 7.9 X 
2.6m (236m
3
) field environmental chamber (FEC) used in this study. The FEC was 
configured to simulate an office environment. This chamber and the AHU were 
similar in design, but different from the one used in Chapter 3. Outdoor air is 
provided via an internal airshaft drawing air from the roof of the building where a 
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new charcoal filter was placed at the outdoor air inlet to reduce the ingress of outdoor 
ozone. The ventilation filters, when present, were located downstream of the zone 















Figure  4.1: Schematic of the air handling system and field environmental chamber (FEC) 
used in the present study. The volume of the FEC is 236 m
3
; the volume of the recirculation 
loop is ≈30 m
3
.  A new charcoal filter was installed at the outdoor air inlet to reduce the 
influence of outdoor ozone on the system. The limonene diffusion tubes, as well as the FMPS, 
ozone and TVOC sampling points were located near the centre of the FEC. Only ceiling mode 
ventilation was used during these experiments; under floor and wall displacement ventilation 
modes were turned off, and the dampers leading to their duct pathways were closed. 
 
4.2.2 Recirculation, ventilation and leakage rates  
The recirculation rates used in these experiments were 7 and 14 h
-1
, while the 
ventilation (outdoor air change) rates were 1 and 2h
-1
 . The recirculation and 


















































LVLR 262 1 1987 106 2093 1831 6.9 7 
LVHR 262 1 3868 226 4090 3601 13.5 14 
HVLR 524 2 2353 213 2566 2140 7.7 7 
HVHR 524 2 4194 452 4646 3670 15.5 14 
 
Prior to this study, potential leakage paths were identified and, where possible, sealed 
(see Appendix C).  Leakage rates were then measured using SF6 as the tracer gas. At a 
outdoor air (ventilation) change rate of 2 h
-1
 and a fan frequency of 50 Hz 
(corresponding to a recirculation rate of 14 h
-1
) the leakage rate was 1.7h
-1
; at a fan 
frequency of 25 Hz (corresponding to a recirculation rate of 7 h
-1
) the leakage rate 
was 0.8h
-1
. Measurements were not made at the lower ventilation rate (1 h
-1
) but it is 
assumed that the overpressure in the system (at 2h
-1
) was approximately larger than 





4.2.3 Materials (Ventilation filters) 
The width of the filter box in the AHU was 0.9 m. For each experiment involving the 
use of a filter, filters 0.6m x 0.6 x 0.1m and 0.6 x 0.3 x 0.1m were placed adjacent to 
one another in the filter box. The filters used in this study were ‘extended surface 
pleated panel filters’ with an efficiency rating of MERV 7 as defined in ASHRAE 
52.1. The new filters were used as received from the manufacturer. The used filters 
were taken from the filter bank of an air handling unit, operating in recirculation 
mode that serviced an office building at the National University of Singapore. Prior to 
their removal, they had been service for 10 months (equivalent to about 6720 hours). 
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The new and used filters were identical, aside from time in service, and came from the 
same supplier.   
 
4.2.4 Instrumentation 
Particle count, size distribution and concentration of SOAs were measured 
using a Fast Mobility Particle Sizer (FMPS), TSI Model 3091, which was 
located in the middle of the FEC with its sampling inlet about 1.6 m above the 
floor. The FMPS spectrometer measures particles in the range from 5.6 to 530 
nm, offering a total of 32 channels of resolution (16 channels per decade) as 
against SMPS (which was used in Chapter 3 due to the non-availability of 
FMPS as at the time the study was conducted) which displays data using 54 size 
channels (32 channels per decade) for high-resolution size information. FMPS 
32 channels include: <10nm (4 channels), 10-20nm (5 channels), 20-30nm (3 
channels), 30-40nm (2 channels), 40-50nm (1 channel), 50-60nm (1 channel), 
60-70nm (2 channels), 80-90nm (1 channel), 90-100 (1 channel), 100-110nm (1 
channel), 120-130nm (1 channel), 140-150nm (1 channel), 160-170nm (1 
channel), 190-200nm (1 channel), 220-230nm (1 channel), 250-260nm (1 
channel), 290-300nm (1 channel), 330-340nm (1 channel), 390-400nm (1 
channel), 450-460nm (1 channel) and 520-530nm (1 channel).  
It uses an electrical mobility measurement technique similar to that used in 
SMPS. However, instead of a Condensation Particle Counter used in SMPS, the 
FMPS spectrometer uses multiple, low-noise electrometers for particle 
detection. This produces particle-size-distribution measurements with one-
second resolution (instead of SMPS having 30 second resolution), providing the 
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ability to visualize particle events and changes in particle size distribution in 
real time. 
 
The FMPS spectrometer operates at a high flow rate (10 L/min) to minimize 
diffusion losses of ultrafine and nanoparticles. It operates at ambient pressure to 
prevent evaporation of volatile particles, and it requires no consumables.  
FMPS and SMPS do not necessarily give the same result in terms of particle 
counts and mass concentration. However, the conclusion on particle 
concentrations being significantly lower at higher recirculation rates will not 
change despite their differences. 
 
Ozone concentrations were monitored continuously using a UV photometric analyzer 
(Model 202, 2B Technologies, Boulder, CO, USA) operating at a wavelength of 
254nm with a 1 min sampling interval (see Appendix A for details). The instrument 
was located in the middle of the FEC with the sampling inlet ~ 1.2 m above the floor.  
 
An INNOVA photo acoustic infrared spectrometer (Type 1312 Multigas Monitor), 
located in the middle of the FEC with the sampling inlet about 1.4 m above the floor, 
was used to measure the total concentration of organic gases in the FEC (TVOC; 
calculated with reference to toluene). The TVOC value was used as a rough surrogate 
for the limonene concentration, since limonene had the largest concentration among 
the VOCs in the FEC. However, a relatively high and noisy TVOC background 
limited the utility of this method (see Section 4.3.2 and 4.5.3).  
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Ozone was generated with Jelight Model 2001 ozone generator (UV lamps) using 
ultra high purity oxygen (99.9995%) from a compressed gas cylinder. The airflow 
through the generator was adjusted to obtain the desired ozone delivery rate. For the 
experiments conducted at the low ventilation rate (1h
-1
), ozone was generated at 850 
mg h
-1
. For those conducted at the high ventilation rate (2h
-1
), ozone was generated at 
380 mg h
-1
. The ozone was introduced at a location in the air handling system that 
was equivalent to the point where outdoor air enters the system (see Figure 4.1).  
 
Limonene was emitted at a constant rate of ~3mg/min from five thermostated 
"diffusion vials" (Dynacal diffusion vials type “D”, 5.0mm capillary), VICI Metronics 
Inc, Santa Clara, CA.) maintained at a ~23 
o
C throughout each of these experiments. 
The emission rate of limonene was determined by weighing the diffusion vials before 
and after each experiment and dividing by the duration of the experiment (540 
minutes). The limonene (98% purity) used in the diffusion vials was obtained from IT 
Technology Pte Ltd, Singapore.  
 
4.2.5 Procedure used to measure filter removal efficiencies  
Filter removal efficiencies were measured in the AHU while it operated in 
recirculation mode. These efficiencies were measured at two different face velocities: 






RA) and 2.1m/s 






RA).  Separate 
FMPS’s were used to simultaneously measure particle concentrations upstream and 
downstream of the tested filter. Conductive tubing was used to minimize particle loss 
to the tubing walls. The measurements were conducted using two different 
configurations: FMPS ‘A’ was used for the upstream 
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while FMPS ‘B’ was used for the upstream measurement in the second evaluation. 
Each evaluation was conducted for 1hour. The results from the two different 
configurations were then averaged. 
 
4.2.6 Experimental protocol 
The experiment began (to) when the diffusion vials containing limonene were placed 
in the FEC. Thirty minutes (t30) after the start of an experiment, the ozone generator 
was turned on, introducing ozone into the return duct at a point equivalent to where 
outdoor air is introduced. The ozone generator continued to operate until 420 minutes 
(7hours) (t420) after the start of experiment. The experiment continued for an 
additional two hours after the ozone generator was turned off; the experiment ended at 
540 minutes, 9 hours after it had begun.  
 
Table 4.2 shows the matrix of experiments conducted in the present study. Two 
ventilation rates (1 and 2 h
-1
) and two recirculation rates (7 and 14 h
-1
) were used; this 
resulted in a total of four combinations of ventilation and recirculation rates. For each 
combination, separate experiments were conducted with i) no filter, (ii) a new filter, 
or a used filter in the AHU. Hence, there were a total of 12 experiments conducted for 
the outlined conditions. An additional experiment was conducted at low ventilation (1 
h
-1
) and low recirculation rate (7 h
-1
); in this experiment, an activated carbon filter 
was placed in the filter box. The intent was to explore impact of removing ozone from 
the air handling system downstream of the zone where mixing occurs. Detail study on 
the use of activated carbon filter to reduce ozone and improve perceived air quality is 
reported in Chapter 5. 
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4.2.7 Mass balance model 
The mass balance modeling conducted in this study was based on underlying physical 
and chemical principals applicable to the AHU/FEC used in the present experiments. 
The parameters in the models were either measured as part of this investigation or 
were previously reported in the literature. Measured parameters included: volume of 
system; air exchange rate; leakage rate; recirculation rate; limonene emission rate; 
ozone emission rate (partially based on information from manufacturer); ozone decay 
rate; continuous particle counts and mass concentrations in multiple size ranges; and 
filter removal efficiencies for particles between 6 and 500 nm. Parameters reported in 
the literature included: rate constant for the limonene/ozone reaction (Atkinson et al., 
1990) and the surface removal rate constants for SOA measured from earlier study 
(Chapter 3) in an equivalent system (see Section 3.4.2). 







1) no filter 
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4.3 Results 
4.3.1 Filtration Efficiencies 
For each combination of ventilation and recirculation rates, two of the three 
experiments were conducted with particle filters in the AHU (see Section 4.2.6 and 
Table 4.2). To properly evaluate the results for experiments in which a filter was 
present, detailed information on the removal efficiencies of the filters used in the 
experiments is needed. Since such information was not available, these efficiencies 
were measured using the procedure outlined in Section 4.2.5. Figure 4.2a and 4.2b 
display the filter removal efficiencies over the size range from 6 to 500 nm diameters 
for both the new filter and the used filter. For particles smaller than 10 nm diameter, 
the filtration efficiency was larger than 80%. For particles in the range of 90-110 nm 
diameter, the filtration efficiency was 34 – 39%, depending on the face velocity and 
whether the filter was new or used. The minimum removal efficiency (< 20%) 
occurred for particles of ~ 300 nm diameter. For particles larger than 300 nm diameter, 
the removal efficiency was larger at the higher face velocity. The difference in 
removal efficiencies between new and used filters was most pronounced at the higher 






































Figure  4.2:  (a) Filtration efficiencies measured at face velocity of 1.1m/s (corresponding to a 
total air change rate of 8 h-1) for new and used filter (b) Filtration efficiencies measured at 
face velocity of 2.1m/s (corresponding to a total air change rate of 15h
-1
) for new and used 
filter 
 
4.3.2 Reactant concentrations 
Although the intent was to use the INNOVA photo acoustic infrared spectrometer to 
monitor limonene concentrations throughout each experiment, the background TVOC 
level was high enough to make it difficult to distinguish small changes in limonene 
concentration. Steady state limonene concentrations, in the absence and presence of 
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emission rate and mass-balance considerations. Such concentrations are shown in 
Table 4.3. 
 
Table  4.3: Steady state limonene concentrations prior to the introduction of ozone, as well as 
steady state ozone and limonene concentrations during the phase of each experiment when 
ozone was elevated. The ozone values were measured directly. The limonene values were 
calculated using measured limonene emission rates and mass balance considerations. Note 
that the ozone emission rate was 850 mg/h for the low ventilation rate experiments and 380 
mg/h for the high ventilation rate experiments. 
 
 
The UV instrument used to measure ozone concentrations during an experiment 
functioned well. When the ozone generator was switched off, ozone levels in the 
system were less than 2 ppb. When the ozone generator was turned on (t30), it took 
approximately 2 hours for ozone levels to reach steady-state at the low ventilation rate 
and approximately 1 hour to reach steady-state at the high ventilation rate. The final 
column in Table 4.3 shows measured steady-state ozone concentrations during the 
phase of each experiment when ozone was elevated. In general, for a given ventilation 
rate, when the recirculation rate increases from “low” to “high”, the ozone 
concentration decreases. The impact of the recirculation rate on the ozone 
Ventilation 
condition 
Filter status Limonene, 
no ozone (ppb) 
Limonene, 
 with ozone(ppb) 
Ozone 
 (ppb) 
No filter 86 18 290 
New filter 86 28 165 




recirculation AC filter -- -- 60 
No filter 65 32 110 





Used filter 65 33 98 
     
No filter 43 29 78 





Used filter 43 30 70 
No filter 33 28 37 





Used filter 33 28 36 
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concentration was greater when there was no filter in the system. For a given 
ventilation condition, ozone levels tended to be lower for experiments with a filter in 
the system than for the experiment with no filter in the system. However, this 
difference is not seen in the “high ventilation, high recirculation” experiments. 
Perhaps, some of the sealed areas in the FEC opened during the experiment.  For a 
given ventilation condition, there is very little difference between the experiment with 
a new filter in the AHU and the experiment with an old filter in the AHU.  
 
Compared to the other experiments conducted using “low ventilation, low 
recirculation”, the ozone levels in the system were significantly lower when the 
activated carbon filter was present (60 ppb vs. 290, 165 or 175 ppb).  
 
4.3.3 Product concentrations  
Figure 4.3 shows SOA number (i) and mass (ii) concentrations in the simulated office 
as a function of particle size during normal periods when ozone was elevated and 
steady-state levels had been achieved. During such periods, the number 
concentrations tended to have a bimodal distribution with larger peak centered 
roughly near 25 nm and smaller peak centered roughly near 100 nm. For the 
experiments conducted at the lower ventilation rate, the particle counts were larger in 
both modes when no filter was in the system than when either a new or used filter was 
in the system. For the experiments at the higher ventilation rate, the particle counts 
were larger in the region of 100 nm when no filter was in the system than when either 
a new or used filter was in the system; in the region of 25 nm, the absence or presence 
of a filter made little difference in particle counts. 
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For all of the experiments, the mass concentrations tended to have a dominant peak at 
about 110 nm and hints of a second peak at about 30 nm. For both the lower and 
higher ventilation rate experiments, the mass concentration was larger when no filter 
was in the system than when either a new or used filter was in the system. For 
example, for the time period shown in Figure 4.3 for the low ventilation, low 
recirculation (LVLR) condition, the integrated mass concentration was 54 µg/m
3
 
when no filter was in the system compared with 7 and 8 µg/m
3
 when the new filter 
and used filter, respectively, were in the system. For the high ventilation, low 
recirculation (HVLR) condition, the analogous concentrations were 35 µg/m
3
 for no 
filter compared with 6 and 4 µg/m
3
 for the new filter and used filter, respectively.  For 
a given ventilation rate and filter condition, the SOA mass concentration was always 
smaller at the higher recirculation rate. This difference in mass concentration between 
lower and higher recirculation rates was most pronounced when there was no filter in 
the system.  
 
In the case of the one experiment conducted with an activated carbon filter in the 
system (LVLR condition), the total SOA number and mass concentrations were lower 



































Figure  4.3: Steady-state SOA number (i) and mass (ii) concentrations as a function of particle 
size during normal periods when ozone was elevated.  Note that the ozone emission rate was 
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4.3.4  Influence of rain on reactants and products 
During six of the thirteen experiments, it rained. These rain events had a striking 
effect on the concentrations of limonene, ozone and SOA. Figure 4.4 presents an 
example of ozone levels, TVOC levels and SOA mass concentrations before, during 
and after a rain event that occurred during the "high ventilation, high recirculation 
(HVHR), no filter" experiment. The rain event began at 330 minutes and lasted until 
380 minutes. During this period, the TVOC level increased from 2300 ppb to 3000 
ppb (at ~ 380 min), the ozone level decreased from 37 ppb to 3 ppb (at ~ 375 min), 
and the SOA mass concentration increased from 9 µg/m
3
 to 36 µg/m
3
 (at ~ 360-370 
min). Within 40 minutes of the end of the rain (~ 420 min), the levels of each of these 











Figure  4.4: Ozone levels, TVOC levels and SOA mass concentrations before, during and after 
a rain event for the "HVHR, no filter" experiment. It rained from about 330 min to 380 min. 
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 Table 4.4 shows ozone levels, TVOC levels and SOA mass concentrations before, 
during and after the six rain events. In each case, shortly after the rain began, the 
TVOC level increased, the ozone level decreased and the SOA mass concentration 
increased. Four of the rain events ended after the ozone generator was turned off, 
precluding a return to pre-rain concentrations. For the two experiments in which the 
ozone generator was still on after the rain had ended, the levels of TVOC, ozone and 
SOA returned to their pre-rain levels.  
 
Table  4.4: Ozone levels, TVOC levels and SOA mass concentrations before rain event (at 













Ozone (ppb) 175 150 148  





) 8 39 8 
Ozone (ppb) 100 72 *4  





) 5 48 16 
Ozone (ppb) 98 64 *5  
TVOC (ppb) 2400 2760 2380 




) 5 19 2 
Ozone (ppb) 70 26 *3 





) 6 38 26 
Ozone (ppb) 37 3 33 





) 9 36 10 
Ozone (ppb) 36 4 *1  





) 3 21 14 
* measured value after ozone generation ceased 
 
 
Figure 4.5 shows SOA mass concentrations during background conditions, during 
normal (non-rain) periods when ozone was elevated and during rain events when 
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ozone was elevated. During the non-rain periods when ozone was elevated, the results 
displayed in Figure 4.5 reaffirm the observations reported in the Section 4.3.3 
(Product concentrations), including i) that filtration (new or used filter) significantly 
reduced SOA concentrations, and ii) that for a given ventilation rate and filter 
condition, the higher recirculation rate resulted in lower SOA mass concentrations. 
However, when it rained the effect of filtration or recirculation appeared to be less 
pronounced. For example, in the low ventilation experiments, the SOA level reaches 
39 µg/m
3
 during a rain event at low recirculation with a used filter in the system and 
reaches 48 µg/m
3
 during a rain event at high recirculation with a new filter in the 
system. These values are only slightly smaller than the SOA level (55 µg/m
3
) with no 
filter in the system for the LVLR condition during a period without rain. For the high 
ventilation experiments, the SOA level reaches 38 µg/m
3
 during a rain event at low 
recirculation with a new filter in the system and reaches 36 µg/m
3
 during a rain event 




































Figure  4.5: SOA mass concentrations during background conditions, during normal periods 
when ozone was elevated and during rain events when ozone was elevated. NOTE- The ozone 
generation rate was the same for LVLR and LVHR; this was also true for HVLR and HVHR. 
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4.4 Mass balance modeling  
Physically based mass balance models were constructed to (i) ensure that major 
factors that influenced the concentrations of reactants and products had not been 
overlooked, and (ii) to broaden the findings beyond the 13 experiments conducted in 
the current study – that is, to further investigate SOA levels resulting from other 
combinations of ozone and limonene concentrations.  
 
4.4.1 Surface removal rate constants for ozone  
In each of the experiments, when the ozone generator was turned off (t420), the ozone 
concentration decayed rapidly, reaching background levels in less than thirty minutes. 
This decay was approximately first order, and the first order rate constant (ktotal) that 
described the decay varied with the ventilation conditions. Table 4.5 shows the 
measured values of ktotal for each of the experiments (with the exclusion of the 
experiment in which an activated charcoal filter was in the system). These values 
range from 5.8 h
-1
 (LVLR, no filter) to ~ 15 to 20 h
-1
 for various experiments at the 
higher recirculation rate (see Appendix A). 
 
The rate constant “ktotal” is the sum of several rate constants for 1
st
-order processes 
that remove ozone from the system: the exchange of outdoor air with system air (λV); 
the leakage between outdoor air and system air (λL); the gas phase reaction between 
ozone and limonene, where the pseudo-first order rate constant is the product of the 





et al (1990)) and the limonene concentration (kO3,lim •[lim]); and the rate at which 
ozone is removed by surfaces in the system (ksr,O3). Of these rate constants, only the 
surface removal rate constant is unknown; the others have been measured as part of 
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this study (λV and λL) or are reported in the literature (kO3,lim). Hence, we can calculate 
the surface removal rate constant for ozone (ksr,O3) using Equation 4.1:  
 
ksr,O3 = k total – λv–  λL – kO3,lim[lim]              (4.1) 
  
The last term in Equation 4.1 includes the limonene concentration. When the ozone 
generator is turned off and ozone begins to decay, the limonene concentration is not 
constant; it increases as the ozone level decreases. In evaluating Equation 4.1, 
limonene concentration at the time that ozone generation ceases was used. Fortunately, 
ozone removal as a consequence of gas phase reaction with limonene is relatively 
small compared with the other removal processes, and the overall error introduced by 
this approximation is small. This is because the range of half-life of indoor ozone 
when removed by surface is 6 to 30 minutes, by air exchange rate is 21-210 minutes 
while that limonene is 60 to 500 minutes (longest time) (Eurpean Collaborative action, 
Report No 26). From chemical kinetics considerations, the half-life t1/2 is defined as 
the time required for the concentration of a reactant to fall to one-half of its initial 
value.  Table 4.5, in addition to listing “ktotal”, also lists values for “λV”, “λL”, 
“kO3,lim[lim]”, and “ksr,O3” for each of the experiments. It is apparent from Table 4.5 
that, if all else is equal, the surface removal rate constants for ozone are larger at the 
higher recirculation rate. Furthermore, at the lower ventilation rate, the surface 
removal rate constants are larger with a filter in the system than with no filter in the 





Table  4.5: Measured first order rate constants for ozone decay after ozone generator turned 
off (ktotal). Also tabulated are the first order rate constants for outdoor air ventilation (λV), 
leakage (λL), removal by reaction with limonene (kO3, lim •[lim]) and ozone removal by 



















4.4.2 Comparison between calculated and measured ozone concentrations at 
steady state 
The intent of this and the following section are to compare results derived from mass 
balance modeling with those measured in the experiments. Such comparisons provide 






























No filter 5.8 1 0.4 0.28 4.1 
New filter 11.9 1 0.4 0.39 10.0 





























No filter 14.0 1 0.85 0.34 11.6 
New filter 15.9 1 0.85 0.35 13.5 





























No filter 9.7 2 0.8 0.52 6.4 
New filter 12.1 2 0.8 0.54 8.8 





























No filter 20.0 2 1.7 0.50 16 
New filter 13.4 2 1.7 0.49 9.2 
Used filter 11 2 1.7 0.51 6.8 
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The steady-state ozone concentration, [O3]ss, is the ozone generation rate, normalized 
to the volume of the system, divided by the ozone removal rate:  
 
[O3]ss=  (EO3/ V) / (λV + λL + ksr,O3 +  kO3,lim[lim])    (4.2)  
   
where “EO3” is the ozone generation rate (µg/h) depicting outdoor to indoor transport 
of ozone, “V” is the volume of the system (266 m
3
- summation of room volume-
236m
3
, and recirculation loop volume-30m
3
), and the other terms have been 
previously defined. For each of the experiments, the terms on the right hand side are 
known (see above), and [O3]ss is readily calculated. Table 4.6 shows comparisons 
between steady-state ozone concentrations calculated using Equation 4.2, and steady-
state ozone concentrations measured in the experiments. The agreement between the 
calculated and measured ozone concentrations is reasonably good. The largest 
discrepancies occur for the two experiments at high ventilation, high recirculation 
(HVHR) with filters in the system. Under these conditions, ozone decay is rapid, and 
the resulting value for ksr,O3 is known with less accuracy than for the other conditions 
(see Discussion- Section 4.5.3). Regardless, the comparisons in Table 4.6 suggest that 
Equation 4.2 captures the more important factors that influence ozone levels in the 






Table  4.6: Comparisons between calculated steady-state ozone concentrations, based on 



















4.4.3   Comparison between calculated and measured SOA concentrations at 
steady state 
Under steady-state conditions, the rate at which products are generated by the reaction 
of ozone with limonene, d[products]/dt, is given by: 
  













No filter 8.5E+05 281 290 
New filter 8.5E+05 137 165 
Used filter 8.5E+05 165 175 
LVHR 









No filter 8.5E+05 116 110 
New filter 8.5E+05 103 100 
Used filter 8.5E+05 82 98 
HVLR 









No filter 3.8E+05 75 78 
New filter 3.8E+05 60 70 
Used filter 3.8E+05 82 70 
HVHR 









No filter 3.8E+05 36 37 
New filter 3.8E+05 54 40 
Used filter 3.8E+05 66 32 
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where each of the terms have been previously defined.. For the present study we used 
a yield of 10% in the mass balance modeling (Grosjean et al., 1993; Hoffmann et al., 
1997). The steady-state SOA concentration, [SOA]ss, is then the SOA generation rate, 
normalized to the volume of the system, divided by the SOA removal rate:  
 
[SOA]ss=  {(10% • kO3,lim  • [lim]ss • [O3]ss)/V}/(λV + λL+  f(λV + λrecirc) + ksr, part) (4.4) 
 
where “f” is the filter removal efficiency, λrecirc is the recirculation rate (h
-1
), ksr, part is 
the surface removal rate for particles (h
-1
), and the other terms have been previously 
defined. Both “f” and the “ksr, part” vary with the particle size (see Figure 4.2 for “f” as 
a function of particle size and Figure 3.9 of Chapter 3 for “ksr, part” as a function of 
particle size). Since the mass concentration during SOA formation in the current study 
tends towards unimodal, with a peak centered close to 110 nm (see Figure 4.3), values 
for “f” and “ksr, part” appropriate to a 110 nm diameter particle were used in our 
modeling.  
 
Table 4.7 shows comparisons between steady-state SOA concentrations calculated 
using Equation 4.4, and steady-state SOA concentrations measured in the experiments. 
The agreement between the calculated and measured SOA concentrations is 
acceptable, but not as good as that obtained for the steady-state ozone concentrations. 
This is anticipated, given the simplified treatment of “f” and “ksr, part” (no attempt to 
account for changes with particle size).  Nevertheless, the results of this exercise once 




Table  4.7: Comparisons between calculated steady-state SOA concentrations, based on mass-





















SOA yield assumed to be 10%; filter efficiency values: 0.37 for LVLR and HVLR, new filter; 0.4 for 
LVHR and HVHR, new filter; 0.34 for LVLR and HVLR, used filter; and 0.39 for LVHR and HVHR, 
used filter; ozone emission rate: 850 mg/h for the low ventilation rate experiments and 380 mg/h for the 
high ventilation rate experiments. 
 
4.4.4   Modeled scenarios 
Mass balance modeling was also used to investigate how indoor concentrations of 
ozone and SOA vary with outdoor ozone levels for the various combinations of 
ventilation, recirculation and filtration investigated in the present study (Table 4.2). 













No filter 36.9 34 
New filter 12.4 6 












No filter 16.1 6 
New filter 5.0 2 












No filter 9.0 13 
New filter 4.2 1 












No filter 2.9 4 
New filter 1.3 1 
Used filter 1.1 1 
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parameters measured or derived as explained above. In place of the “ozone generation 
rate” used in the experimental part of the study (column 2 of Table 4.6), the outdoor-
to-indoor transport of ozone (µg/h) was employed. This rate is simply the product of 
the outdoor ozone concentration (µg/m
3
) and the sum of the ventilation (outdoor air) 




A period when the outdoor ozone concentration was 80 ppb (157 µg/m
3
) was first 
considered. For this situation and the combinations of ventilation rates, recirculation 
rates and filtration conditions used in the different experiments, Table 4.8 lists 
predicted steady-state indoor ozone concentrations. Depending on conditions, the 
indoor ozone concentrations range from 19 to 43% of the outdoor level. In 
interpreting the resulting indoor ozone concentrations, it is important to focus on the 
total outdoor-to-indoor transport of ozone (the sum of mechanical ventilation and 
leakage); this total is influenced as much or more by leakage across the building 
envelope as by deliberate intake of outdoor air. For example, outdoor-to-indoor 
transport of ozone is actually larger for the low ventilation, high recirculation (LVHR) 
condition than for the high ventilation, high recirculation condition (HVHR). It is 
interesting that the indoor ozone concentration is smaller for the LVHR-no filter case 
than for the LVLR-no filter case, even though the latter had a smaller overall intake of 
outdoor ozone. A similar statement applies to the HVHR-no filter case compared with 
the HVLR-no filter case. This illustrates the importance of surface removal, which 
increases with increased recirculation rate, as a sink for ozone.  
 
Table 4.8 also lists predicted steady-state indoor SOA concentrations when outdoor 
ozone was 80 pbb. Factors that influence the resulting SOA concentrations include the 
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indoor ozone concentration, the ventilation rate (which determines the residence time 
of the reacting chemicals (Weschler and Shields, 2000)), the absence or presence of a 
filter and the recirculation rate. For otherwise identical conditions, the addition of a 
filter to the AHU significantly reduced the SOA concentration in the room (the FEC) 
serviced by this system; this was true for each of the four combinations of ventilation 
and recirculation rates modeled.. Similarly, for otherwise identical conditions, a 
higher recirculation rate significantly reduced the SOA concentration in the FEC. This 
is most clearly discerned for the “no filter” conditions. For example, the SOA level is 
8.4µg/m
3
 for LVLR-no filter compared with 2.8µg/m
3


















Table  4.8: Predicted steady-state indoor ozone and SOA concentrations when outdoor ozone 





















No filter 1.4 5.9E+04 17 8.4 
New filter 1.4 5.9E+04 9 1.9 



















No filter 1.85 7.7E+04 10 2.8 
New filter 1.85 7.7E+04 9 0.8 



















No filter 2.8 1.2E+05 23 3.5 
New filter 2.8 1.2E+05 18 1.4 



















No filter 3.7 1.6E+05 15 1.3 
New filter 3.7 1.6E+05 22 0.8 
Used filter 3.7 1.6E+05 27 0.9 
Outdoor-to-indoor O3 transport = Outdoor air flow rate (summation of OA rate and Leakage rate) × 





In a similar fashion, modeling was used to estimate indoor SOA levels as a function 
of outdoor ozone levels over a range from 20 ppb (39 µg/m
3
) to 120 ppb (235 µg/m
3
). 
Figure 4.6 summarizes the results, presenting plots for each of the 
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ventilation/recirculation rate combinations. For a given condition (ventilation, 
recirculation, filtration) the amount of SOA produced scales in linear fashion with the 
amount of outdoor ozone. Although the outdoor-to-indoor transport of ozone was 
smallest for the LVLR conditions, the rate at which SOA increased with increasing 
outdoor ozone (the slope) was largest for the LVLR conditions. These plots further 
emphasize the extent to which particle filters reduce SOA concentrations compared to 












































Figure  4.6: Predicted steady-state SOA concentrations at different outdoor ozone 
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4.5  Discussion  
4.5.1 Factors that influence reactant and product concentrations 
Recirculation 
At a larger recirculation rate, air moves through the system faster. As noted in Chapter 
3, as the airflow increases, boundary layers adjacent to the surfaces in the system 
(especially in the ducts) is anticipated to become thinner and the ozone deposition 
velocity increases (Sabersky et al 1973; Cano-Ruiz et al., 1993). Although the 
recirculation rate is also anticipated to influence the surface removal rate of limonene, 
surface removal is not as important a sink for limonene as for ozone.  
 
The rate at which SOA is removed by various surfaces within the air handling system 
(ductwork, cooling coils, and fans) is also larger at higher recirculation rates. The 
deposition velocity of SOA is a function of particle size, but tends to be smaller than 
that of ozone for all size ranges. The steady-state concentration of SOA is more 
strongly influenced by changing ozone levels than it is by changes in the deposition 
velocity of SOA. The major reason that SOA levels are smaller at higher recirculation 
rates is that ozone levels are smaller at higher recirculation rates. Note that surface 
removal rate constants are smallest for particles in the range of approximately 100 to 
300 nm diameter. This is where most of the ozone-limonene derived SOA mass 
occurs (Figure 4.3, mass concentrations).  
 
In addition to surface removal rates, the recirculation rate also directly impacts the 
rate at which recirculated air passes through a filter (if a filter is present in an air 
handling system). The airstream passes through a filter more frequently, per unit time, 
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at a higher recirculation rate. When filters are in the system, this is another reason that 
SOA levels are lower at higher recirculation rates.  
 
Ventilation with outdoor air  
The influence of the ventilation rate (outdoor air) on the steady-state concentration of 
ozone and SOA in the FEC is complicated by the leakage rate, which changes with 
both the ventilation and recirculation rates. The sum of the ventilation and leakage 
rates determines the rate at which outdoor ozone is transported indoors (Table 4.8); as 
this sum increases the outdoor-to-indoor transport of ozone increases. Even if an 
increase in outdoor air increases the indoor concentration of ozone, it simultaneously 
dilutes pollutants with indoor sources, such as limonene, and dilutes ozone-derived 
products, including SOA (Weschler and Shields, 2000; 2003). Note that these findings 
highlight the fact that leakage in an air handling system not only has an energy 
penalty, but also is a source of outdoor pollutants and a sink for indoor pollutants. 
Furthermore, whereas ventilation air can be filtered as it is brought into the system, 
this option is not available for leakage air.  
 
Filtration 
The reduction in particle levels as a consequence of filtration is especially apparent 
during the period that ozone-limonene chemistry was generating SOA. Although the 
single pass efficiency for 100 nm particles was only ~ 40% (Figure 4.2), the overall 
reduction in SOA levels as a consequence of filtration was much larger (Figure 4.3, 
Table 4.7). This reflects multiple passes through the filter as air was recirculated in 
the system and is consistent with the recently reported observation by Pui et al. (2008) 
that even inefficient particle filters significantly reduce the concentration of airborne 
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particles in an automobile cabin serviced by a system that re-circulates a large fraction 
of the supply air.  
 
Filtration of the re-circulated air is expected to alter the size-distribution of the 
airborne particles, shifting it towards particles that are removed less efficiently (the 
most penetrating particles) and away from particles that are removed more efficiently 
(highly diffusive particles and particles with meaningful inertia). In the present study, 
the size-distribution was not greatly altered by filtration (Figure 4.3), since, without 
filtration, the primary peak in SOA mass concentration occurred in the size-range that 
corresponded to the least efficient removal efficiencies. Furthermore, there does not 
appear to be much difference between new filters and used filters in terms of their 
ultimate influence on SOA levels.  
 
For the one experiment in which an activated carbon filter was in the system, the SOA 
particle levels during the period of ozone/limonene chemistry were even lower than 
with a new or used filter in the system. Presumably this striking effect is a 
consequence of ozone removal by the charcoal filter (Shair 1981; Shield et al. 1999; 
Beko et al. 2008a), and a reduced production rate of ozone-derived products, 
including SOA. The charcoal filter also is expected to remove some limonene, but the 
removal efficiency for limonene is likely less than that for ozone.   
 
4.5.2 Rain Events 
The measured ozone decrease was consistent with what would be expected if the 
major compound contributing to the TVOC increase was limonene. This is believed to 
be the case, since limonene was the only organic compound deliberately added to this 
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system. The limonene is presumably desorbed from surfaces within the system, 
including soiled surfaces within the ductwork, during the rain events. The increase in 
SOA during the rain events is, itself, consistent with the relative increase in TVOC 
(limonene) and decrease in ozone, assuming that it is derived from ozone/limonene 
chemistry and that the SOA yield for this reaction is 10% (Grosjean et al., 1993; 
Hoffmann et al., 1997). The readily detected increase in SOA during rain events 
serves as a surrogate for the more difficult to detect (in real time) desorption of 
limonene from surfaces during rain events. 
 
Although it is believed that limonene was the major organic compound desorbed from 
surfaces in this study, in more typical situations, other organic compounds (both 
VOCs and SVOCs) are likely to be desorbed during rain events. These may not 
participate in chemistry, but they may influence the acceptability of the air that is 
supplied to the ventilated space and possibly affect health and comfort. In a recent 
study, Waldman et al. (2008) reported that county-level autism prevalence rates and 
counts among school-aged children were positively associated with a county’s mean 
annual precipitation. They also found that the amount of precipitation a birth cohort 
was exposed to when younger than 3 years was positively associated with subsequent 
autism prevalence rates and counts. There may be a connection between the 
surprisingly large desorption of organic compounds measured during rain events in 
the present study and the associations reported by Waldman et al. The influence of 
precipitation on indoor exposures and consequent health may be especially important 
in tropical climates where it rains often and heavily. 
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4.5.3 Uncertainly in Mass Balance Modeling 
The ozone decay rate is very fast for experiments conducted at high recirculation rates 
with filters in the system. Given the response time of the instrument used to measure 
ozone concentrations, this means that only a few data points were available for the 
computation of ozone decay rates during such conditions. The resulting values for 
ksr,O3 are known with less accuracy for high recirculation rate, filtered conditions than 
for other conditions in which ozone decayed at a slower rate. 
TVOC levels monitored with a photoacoustic spectrometer were a poor surrogate for 
limonene concentrations. Background levels detected by the instrument, which likely 
included some very volatile species, were relatively high compared to the additional 
signal that resulted when limonene was added to the system. In future studies it would 
be advisable to monitor limonene directly, even if this meant the collection of 
integrated samples.  
 
In the mass balance modeling, a single particle size (~ 100 nm) was chosen to 
represent all SOA particles. This simplifying assumption greatly facilitated 
calculations. However, as is apparent in Figure 4.3, the actual size-distribution of 
SOA generated by ozone/limonene chemistry spanned the range of particle sizes 
measured by the FMPS. A more accurate, albeit more difficult, calculation of SOA 
could be achieved by properly accounting for the resulting size-distribution of SOA 
during various experimental conditions.  
 
Another source of error involves the changes in outdoor particle levels (because of 
changing levels of motor vehicle exhaust or other factors) that occurred during the 
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experiments, coupled with the leakage rates. Morning and late afternoon "rush hours" 
made it difficult to determine what background concentrations would be during these 
periods if there had been no chemistry. Changes in outdoor weather conditions, 
especially rain, also impacted the system and further complicated the analysis of SOA 
particle concentrations. 
 
4.6   Conclusion 
This study has probed the influence that recirculation, ventilation and filtration have 
on the concentration of condensed-phase, ozone-derived products (SOA) in a room 
serviced by an air distribution system that recirculates a high percentage of its air. The 
preliminary study conducted in Chapter 3 was conducted without filters in the system, 
and the source of ozone was “indoors”. In most buildings that recirculate a large 
percentage of their air, particle filters are located downstream of the mixing box, and 
the major source of ozone is “outdoors” (Weschler, 2000). The present study was 
specifically designed to examine these more realistic situations. Additionally, two 
different ventilation rates were used. 
 
The current study found that SOA number and particle mass were smaller at higher 
recirculation rates because (i) the precursor concentrations, especially ozone, were 
lower at higher recirculation rates, (ii) the SOA deposition velocities were larger at 
higher recirculation rates and (iii) when filters were present, filtration was more 
efficient at higher recirculation rates. More efficient filtration at higher recirculation 
rates derives from added passes through the filter. Filtration had a dramatic effect on 
SOA levels, reducing them by as much as an order of magnitude even though the 
single pass removal efficiency was less than 40%. Under conditions where particles in 
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the system were primarily SOA derived from ozone, activated carbon filters were 
more effective at reducing ozone, and subsequently SOA, than filters without carbon.  
 
Although increased ventilation with outdoor air increased the outdoor-to-indoor 
transport of ozone and other outdoor pollutants, increased ventilation also increased 
the dilution of pollutants with indoor sources, including products of indoor ozone 
chemistry.  
 
Rain events dramatically affected pollutant levels, promoting the desorption of 
limonene, which subsequently reacted with ozone producing additional SOA. It is 
suspected that this is a general phenomena – that rain promotes meaningful desorption 
of numerous organics from surfaces within air handling systems and the room they 
serve. There is a potential connection between meaningful desorption of organic 
compounds, measured in the present study during rain events, and human exposure to 
harmful organic pollutants (see Section 4.5.2). 
 
The mass balance modeling, with acceptable agreement between measured and 
calculated ozone and SOA levels, indicates that our understanding of the major 
factors that influence pollutants levels in such a recirculating system is reasonably 
good.  Recirculating air systems are often viewed as delivering supply air that is less 
acceptable than that delivered by single-pass systems (Jaakkola et al. 1994). However, 
if the amount of outdoor air delivered to a space is roughly the same in both systems, 
the negative consequences of a recirculating system on indoor air quality are not 
anticipated to be severe. Indeed, the present study indicates that there are ways in 
which recirculation can be configured to improve indoor air quality. The 
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understanding derived from this work can be used to reduce human exposure to 
harmful pollutants in the built environment, while at the same time reducing building 
energy use.  
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5 Chapter 5: Sensory pollution from common ventilation filters and 






Study from Chapter 4 has shown that in a "recirculation" system, relatively ineffective 
particle filter can significantly reduce SOA particles (Pui et al, 2008). However, these 
particle filters have the disadvantage of causing sensory irritations when loaded 
(Clausen, 2004; Pasanen, 1998; Pasanen et al., 1994; Pejtersen et al., 1989). Their 
impact on sick building syndrome symptoms (Clausen et al. 2002) and occupant 
productivity (Wargocki et al. 2004; Wyon, 2004; Wyon et al. 2000) may have 
negative economic consequences (Bekö et al., 2008b).  
 
Organic compounds associated with the particles captured on the filter surface may 
desorb from the filter into the air passing through the filter. Some of these organics, 
including those chemically transformed via e.g. oxidation reactions, may contribute to 
deteriorated air quality. The extent to which the responsible chemical processes occur 
on used filter surfaces may depend on the amount of particulate mass captured on the 
filter surface (Hyttinen et al. 2006), location, season, filter type and position of the 
filter in the ventilation unit.  
 
As this thesis addresses mitigation strategies in addition to addressing SOA generated 
from ozone initiated chemistry in "recirculation" system, this sensory irritation 
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problem should be addressed. The question now is, what kind of filter can be used to 
address this concern? Answer to this problem will make my PhD thesis complete and 
much stronger. This chapter 5 was designed with the intent to profer answer to this 
question  
 
Activated carbon filters can effectively remove ozone and selected organic pollutants 
from airstreams (see Table 4.3 in Chapter 4). Mysen et al. (2006) compared the 
perceived air quality downstream of a regular F7/EU7 bag filter with that from a bag 
filter that incorporated AC. Both filters were in service for 3 months under identical 
conditions. In subsequent evaluations, the air quality was perceived to be significantly 
better downstream of the used carbon-containing bag filter than downstream of the 
standard bag filter. 
 
An earlier set of experiments evaluated the net effect that different bag filters, carbon 
filters and their combinations have on perceived air quality after five months of 
continuous filtration of outdoor suburban air (Bekö et al. 2008a). One of the tested 
filters was heavy AC filter (same as the one used in this present study). When this 
filter was in place, the air quality was comparable to that achieved by using an 
activated carbon filter downstream of a F7 particle filter. The air quality downstream 
the heavy filter was comparable to the perceived quality of air from new fiber filters. 
Furthermore, its pressure drop changed very little during the five months of service, 
and it had the added benefit of removing a large fraction of ozone from the airstream. 
The authors concluded that if further experiments provide similar results, combination 
filters that incorporate AC might replace commonly used bag filters. However, for 
economic reasons it is important to use minimum amount of carbon required to avoid 
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sensory pollution after several months in operation. Achieving good air quality with a 
combination filter that contains lower amounts of carbon may lead to reduced initial 
and running costs associated with the operation of the filters at comparable filter 
performance.  
 
The current study builds on this previous study. The aim of the study was to compare 
the air quality from a regular carbon-free F7 fiberglass filter with that from three F7 
fiberglass combination filters. The three combination filters were identical in type, but 
differed in the amount of carbon incorporated in them. The filter containing standard 
carbon content corresponds to the heavy AC filter (commercially available AC filters). 
The two other carbon-containing filter prototypes contained a quarter (100g-light AC 
filter) and a half (200g-medium AC filter) of the standard carbon content of 
commercially available AC filter (400g-heavy AC filter). The methodology of the 
experiment is almost identical with that presented in Bekö et al. (2008a). This study 
further broadens the knowledge obtained in the previous study. It provides new data 
on the performance of various modifications of the previously tested combination 
filter, as well as compares the newly obtained data with the corresponding results 
from their earlier measurements.  
 
5.2 Methods 
This current study conducted as part of my NUS-Technical University of Denmark 
Joint PhD program consists of four identical test plenums assembled outdoors in a 
suburb of Copenhagen, Denmark, at a distance roughly 150m from a moderately 
active highway. Each test plenum (see Figure 5.1) consisted of one 0.3 x 0.6 m filter 
box, reduction pieces, connecting duct work, circular duct fans and a damper to 
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regulate the flow of air through the filter. The duct fans were sized to overcome the 
predicted total pressure drop of the system during the experiments. The inlets of the 
units were protected from large objects, leaves, tree litter and precipitation. The 
airflow through the systems was adjusted to ~1300m
3
/h to achieve a standard 2 m/s 
face velocity through the filters. This corresponds to 75% of the maximum 
recommended airflow through the bag filters. As part of the adjustment of the 
required airflow in each setup, the pressure drop over an integrated orifice was 
measured. The four orifices were initially cross-calibrated, to achieve identical airflow 
in each unit. The units were continuously operated from December 11, 2007 to June 
04, 2008 - approximately 6 months. The acceptability of air that had passed through 
each filter was evaluated subjectively after 3 months and after 6 months of operation.  
 
 
Figure  5.1: Test plenum configuration used for soiling and testing several filter types. 
 
 
The four filter sets placed in the respective plenums were: (i) F7 fiberglass bag filter 
with no carbon, (ii) commercially available stand-alone F7 bag filter with standard 
carbon-containing fiberglass media (referred to as “heavy”, AC filter), (iii) F7 
combination filter similar to that in set (ii), however containing only half the amount 
of standard carbon (referred to as “medium”, AC filter), and (iv) F7 combination filter 
similar to that in set (ii), however containing only a quarter amount of standard carbon 
(referred to as “Light”, AC filter). For particle filter incorporating activated carbon, 
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activated carbon is woven into the fibre of the particle filter. Each filter was weighed 
before and after the ~6-month period that the filters were in service. The 
measurements, made in duplicate and subsequently averaged, took place in a climate 
chamber at 21
0
C and 35% RH. All filters were equilibrated at these conditions for 
approximately 20h prior to weighing. Additional weighing was performed under 
identical conditions after the filters had been in service for 3 months.  
 
During the soiling period, the airflow through the systems was checked on a monthly 
basis and, when necessary, readjusted to the original value (1300m
3
/h). The pressure 
drop across each filter was measured monthly using a Testo 511 temperature-
compensated pressure meter (Testo Ltd., Alton, Hampshire, UK). The accuracy of the 
instrument is ± 3Pa for values between 0 and 100 Pa and ± 1.5 %  of measured value 
up to 1000 Pa. Fifteen values, each recorded over a 1s interval, were averaged for 
each filter. Pressure drops were measured on days without precipitation to avoid 
complications from moisture-laden air. Using a U.V. ozone monitor, outdoor ozone 
concentrations as well as ozone concentrations before and after each filter were 
measured on monthly basis. The outdoor air temperature and relative humidity varied 
between 5 and 21
0
C and 45-75% RH for the days on which the monthly pressure 
drops and ozone concentrations were measured.  
 
After 3 months and later after 6 months of operation, the filters were taken out of the 
test plenums the day before the sensory assessments and stored in sealed plastic bags 
overnight. Two test plenums were placed in separate (but similar in design- see Figure 
5.2) 55m
3
 field laboratories, each ventilated with 110 l/s outdoors (seven air changes 
per hour). To avoid contamination of the room air with air that had passed through the 
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used filters, the exhaust from each plenum was vented to the outside using flexible 















            Figure  5.2:  Field laboratory used for the study 
 
Figure  5.3: Schematic diagram for one of the test plenums installed in the field labs during the 
sensory assessments. 
 
On the day of the sensory assessments, each filter was ventilated for 45 minutes with 
130m
3
/h of the room air (which has been filtered in the air handling unit before being 
 
Flexible duct 
Subjects’ inhaling point 
Exhaust point 
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supplied to the room via the ceiling plenum) prior to the sensory evaluations. The 
same air flow was used during the assessments. It corresponds to an air velocity of 
0.2m/s through the filter and 0.7m/s at the point of sensory assessment.  The average 
temperature and relative humidity in the test rooms during the assessments after 3 
months of filter operation was 21
0
C and 34% respectively; after 6 months of operation, 
the experimental conditions in the field laboratories were 23
0
C and 34% RH.  
 
 
Table  5.1: Experimental matrix for the sensory assessments after randomization 
 
Round No. Field lab 1 Field lab 2 
1 Light AC (new) F7 (used) 
2 Heavy AC (used) Medium AC (used) 
3 Heavy  AC (new) Empty 
4 Empty Light AC (used) 
5 Medium AC (new) F7 (new) 
 
In total, 8 filters were evaluated, four types of used filters and four identical types of 
new filters. The new filters were pre-conditioned in a manner that was identical to that 
employed for the used ones (i.e. they were ventilated for 45minutes with 130m
3
/h of 
room air prior to assessment). In addition, each of the two test plenums without filters 
was evaluated to provide understanding of the room background condition. Hence, 10 
conditions were evaluated in random order in two field laboratories (five assessment 
rounds, see Table 5.1).  
 
The sensory assessments at 3 months of filter service time were carried out with 21 
human subjects, the evaluation at 6 months of filter service time were carried out with 
a different panel of 30 human subjects. The untrained human subjects between 20 and 
30 years of age assessed the acceptability of air downstream of each filter. They used 
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the continuous acceptability scale, which ranges from ‘Clearly unacceptable’ (-1) to 
‘Clearly acceptable’ (+1). There is a break in the scale in the middle to clearly 
distinguish between acceptable and unacceptable air quality (Wargocki, 2004; see 
Appendix B). Odor intensity was evaluated on the continuous intensity scale which 
ranges from “No odor” (0) to “Overpowering odor” (5). Other points marked on the 
scale are “Slight odor” (1), “Moderate odor” (2), “Strong odor” (3) and “Very strong 
odor” (4). Freshness, dustiness and moldiness of the air were evaluated using visual 
analogue scales with labeled endpoints (left end-point = 0, right end-point = 100) 
(Kildesø et al. 1999).  
  
In the first round of assessments, two subjects were randomly assigned to enter the 
two field laboratories, one subject at a time in each room. This procedure was 
repeated until all subjects had conducted assessments in the two field laboratories. 
Subsequently, the filter conditions in the field laboratories were changed and the 
assessments were repeated. The subjects were asked to take a deep breath in front of a 
fan (which serves as fresh air used as benchmark for inhaled air from the test plenum 
by the subjects) in the well ventilated corridor before entering the test rooms. This 
procedure ensured that the same air was used as background before evaluation. After 
entering, they removed the flexible ducts from the end of the test plenum (see Figure 
5.2 and 5.3), exhaled the corridor air (that has been held for about 5 seconds), inhaled 
the air from the test plenum, and subsequently, assessed the quality of the air based on 
first impression of the inhaled air. The randomization of subjects was constrained by 
the requirement that each subject had to wait at least three rounds (approximately 3 
minutes) between his/her assessments. The experimental procedure at 3 months was 
not as strictly controlled as at 6 months. During the latter, the subjects spent the time 
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between the individual assessments in a well ventilated room adjacent to the test 
rooms. However, during the mid-term evaluation the subjects were attending lectures 
in a more remote classroom or working on assignments in various spaces before being 
asked to walk to the experimental facilities and perform the assessments at a specified 
time.  
 
5.3 Results and discussion 
5.3.1 Statistical analyses 
 
The data obtained was analyzed by means of analysis of variance (ANOVA) on a 
linear mixed-effects model fit by restricted maximum likelihood with “subject” as a 
random effect (see Appendix B). Filter type and soiling time were found to have 
significant effects on the results (p<0.05). Statistical analyses (ANOVA) comparing 
the results for the new filters and empty test plenums obtained at 3 months with the 
results obtained for the same new filters and test plenums by a different panel at 6 
months revealed no significant difference. This indicates that there was no meaningful 
difference between the judgments of the two groups. These analyses allow comparing 
the data from the two sets of assessments without having to adjust for bias between 
the two sensory panels.  
 
Prior to making pairwise comparisons between the tested conditions using parametric 
statistics, the Shapiro-Wilks test was applied to verify that the data were normally 
distributed. Acceptability data obtained for the 10 test conditions were found to be 
consistent (P<0.01) with a normal distribution expected under the Null Hypothesis of 
only random differences in scale-marking between conditions. Hence, the differences 
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observed between assessments obtained under the various conditions were tested for 
statistical significance using Paired t-Test or Standard Two-Sample t-Test, where 
applicable. The observed differences between assessments of odor intensity, air 
freshness, air dustiness and air moldiness were tested for statistical significance using 
Paired t-Test, when the data was normally distributed. Almost all pairwise 
comparisons are within subjects, i.e. assessments made by the same subject under 
each condition are compared, so that differences between subjects in terms of what 
they find acceptable are removed. Any systematic effects of order of presentation of 
conditions are balanced by the experimental design. It should be noted that 
comparisons between different pairs of conditions are not independent, as they were 
made by the same subjects. No correction for repeated testing, such as the Bonferroni 
correction (Bland and Altman, 1995), was therefore necessary to be applied (see 
Bland, 1995). The results of the pairwise comparisons were further supported by tests 
on a linear mixed effects model where a fixed effect was defined between the air 
acceptability and the assessed condition (given filter type of a given age) and subject 
was defined as the random term.  
 
5.3.2 Sensory pollution  
 
Figure 5.4 and 5.5 show the results of sensory assessments of air that had passed 
through either new or used filters. No significant differences (P>0.05) were found 
between assessments of air downstream of the two empty test plenums. The mean 
acceptability obtained from the two test plenums is shown as a dashed line in Figures 
5.4 and 5.5.  At the second evaluation of the filters (at 6 months) the acceptability of 
air downstream of the new F7 filter was judged to be slightly lower than that 
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downstream of the new AC filters. None of the differences were statistically 
significant, indicating a relatively similar air quality provided by all new filters. This 
result is also supported by the earlier evaluation of the identical new filters (3 months 
earlier), where the four new filters did not differ in a statistically significant way. 
There is no significant difference between the new filters judged during the first round 
of assessments (at 3 months) and the same new filters judged during the subsequent 
set of assessments (at 6 months) by a different panel of subjects (P>0.05).  
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Figure  5.4: Acceptability of air downstream of the tested filters after 3 months of operation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 
mean acceptability assessed for air that had passed through the two empty test plenums 
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Figure  5.5: Acceptability of air downstream of the tested filters after 6 months of operation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 
mean acceptability assessed for air that had passed through the two empty test plenums 
 
A significant difference between the air quality downstream of the new and used F7 
filters was found both after 3 and 6 months of filter operation (P<0.05). However, 
when an AC filter was in the system at the final evaluation, the air quality was 
perceived the same regardless of whether the filter was soiled or not (P>0.05) and 
regardless of the amount of carbon in the filter (P>0.05). After outdoor air has been 
passing through the filters for 6 months, the acceptability of air downstream of the F7 
filter was found to be substantially lower than the acceptability of air downstream of 
all the carbon containing filters (P<0.05). The acceptability of air downstream of the 
6-month old AC filters was approximately the same as the air quality from the new F7 
filter (P>0.05). Moreover, no significant difference was found between the quality of 
air downstream of the used AC filters and the empty test units. In contrast, the 
acceptability of air downstream of the used F7 filter was judged significantly worse 
than the air downstream of the empty test rigs (P<0.05). These results indicate that 
fiberglass filters containing at least quarter carbon have the ability to absorb emissions 
of sensory pollutants from the filter surface and maintain high indoor air quality over 
an extended period of time. 
 
The mid-term evaluation supports these findings. The results from the 3-months-old 
AC filters were not much different from those obtained from the new F7 filter. 
Neither was there any significant difference between each used AC filter and its 
respective new counterpart. The only exception was the Light AC filter. The 
acceptability of air downstream of this filter was judged significantly better when the 
filter was new in comparison when it was previously in operation for 3 months 
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(P<0.05). It is unlikely that this observation is caused by the pollution emitted from 
the surface of the 3-months-old Light AC filter. More likely, this can be explained by 
fewer subjects in the sensory panel and by the less controlled experimental procedure 
at the mid-term evaluation. The same may be the reason why the acceptability of air 
downstream of each used AC filter was surprisingly perceived worse after 3 months 
of service than it was perceived by a different panel after the filters had been in 
operation for 6 months (P<0.05). Still, slightly lower mean acceptability of air was 
indicated downstream of the 3-months-old F7 filter than downstream of the AC filters 
of the same age (P>0.05).  
 
There was no significant difference between the used F7 filter judged after 3 months 
of operation and the same filter assessed 3 months later. This supports previous 
studies indicating that a F7 fiberglass filter can emit offensive pollutants at a 
substantial rate already after 3 months of continuous service (Pasanen et al., 1994).  
 
Results for odor intensity, air freshness, dustiness and moldiness closely follow the 
trend observed for acceptability. In the following paragraph, the main focus will be on 
the results obtained from the intensity scale and the visual analogue scales during the 
final assessments after 6 months of filter soiling (Figures 5.6, 5.7, 5.8 and 5.9).  
 
There is no difference between the odor intensity and air freshness perceived 
downstream of the new F7 filter compared to the new AC filters. Comparing the new 
F7 filter with the used one, significant difference was found for odor intensity and air 
freshness (P<0.05). In accordance with acceptability, when an AC filter was in the test 
rig, these two air quality endpoints were perceived the same regardless of whether the 
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filter was soiled or not (P>0.05) and regardless of the amount of carbon in the filter 
(P>0.05). These results indicate that the perception of odor intensity and air freshness 
are closely related to the perception of acceptability of air.  
 
The odor intensity downstream of the used F7 filter at six months was found 
substantially higher than downstream of all used carbon-containing filters (P<0.05). 
Additionally, the air was generally perceived stuffier (P<0.05 in all comparisons), 
more dusty (P<0.05 for F7 vs. Light AC and F7 vs. Heavy AC) and more moldy 
(P<0.05 for F7 vs. Medium AC and F7 vs. Heavy AC). Comparably with the results 
for the acceptability, the other four characteristics of perceived air quality downstream 
of the 6-month old AC filters showed approximately the same results as downstream 
of the new F7 filter (P>0.05). The only exception was the significantly higher 
dustiness of the new F7 filter compared to the dustiness of the 6-month old Heavy AC 
filter (P<0.05).  
 
These results, along with the results from the acceptability data, indicate that 
fiberglass filters containing at least quarter amount of carbon present in the 
commercially available filter (Heavy filter) have the ability to prevent emissions of 
sensory pollutants from the filter surface and maintain high indoor air quality over an 
extended period of time. 
 
Surprisingly, the subjects found the air from the new F7 filter slightly more “dusty” 
and “moldy” than from the new AC filters. However, the only significant difference 
was between dustiness judged for the new F7 and the new Light AC filter. Moreover, 
the soiling time of the F7 filter did not play a significant role in the judgment of the 
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dustiness and moldiness of air. This does not mean that the F7 filter material provides 
a more dusty and moldy air into the ventilated space. More likely, the results may 
rather describe the nature of the perceived odor from different filters. Hypothetically, 
the perception of dusty and moldy air could be caused by organic compounds emitted 
from the F7 fiberglass filter material. However, one could speculate that organics 
responsible for the perception of increased dustiness and/or moldiness of air are 
present in the ambient air and were removed by the activated carbon filters in the 
present experiment. There is insufficient information at the moment to fully address 
the present observations.  
 
Negligible difference was observed between the acceptability, odor intensity and 
freshness of the air from the used F7 filter after 3 months of operation and the same 
filter assessed 3 months later. This supports previous studies suggesting that a F7 
fiberglass filter can emit offensive pollutants at a substantial rate already after 3 
months of continuous service (Pasanen et al. 1994).  
 
It is interesting to compare the acceptability of air downstream of the Heavy AC filter 
and the acceptability obtained for the corresponding combination filter by Bekö et al. 
(2008a). Both filters were designed to have the same efficiency and identical carbon 
content. Although the experimental conditions were not identical (different time of the 
year when the filters were soiled and assessed, different sensory panel, etc.), the mean 
acceptability for the 6-month-old Heavy filter was 0.32, while the acceptability for the 
similar 5-month old combination filter in the earlier study was 0.33. In both studies 
the difference in acceptability of the air from the used combination filter and from its 
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new counterpart was insignificant. The present study supports these findings and 
extends them to similar filters with lower carbon content. 
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Figure  5.6: Odour intensity of the air downstream of the tested filters at the final evaluation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 
mean odour intensity assessed for air that had passed through the two empty test plenums 
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Figure  5.7: Freshness of the air downstream of the tested filters at the final evaluation. Mean 
assessed values and 95% confidence intervals are shown. The dashed line depicts the mean 
freshness assessed for air that had passed through the two empty test plenums 
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Figure  5.8: Dustiness of the air downstream of the tested filters at the final evaluation. Mean 
assessed values and 95% confidence intervals are shown. The dashed line depicts the mean 
dustiness assessed for air that had passed through the two empty test plenums 
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Figure  5.9: Moldiness of the air downstream of the tested filters at the final evaluation. Mean 
assessed values and 95% confidence intervals are shown. The dashed line depicts the mean 
moldiness assessed for air that had passed through the two empty test plenums 
 
5.3.3 Ozone removal 
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Table 5.2 indicates a large variation in ozone removal for all four filters during the 6-
month period. This may be caused by fluctuating outdoor environmental parameters. 
However, consistent with the hypotheses, higher ozone removal capability of the 
filters was observed with higher carbon content. Both at the beginning of the 6-month 
soiling period and at the end of the soiling period the F7 filter had the lowest ozone 
removal efficiency whereas the Heavy AC filter had the highest, with the Light and 
Medium AC filters scaling in between. The ozone removal efficiencies for each filter 
declined over time. The ozone removal by the F7 and Light AC filters decreased 
within the first month to a relatively small and rather stable value (~5-15%). The 
Medium AC filter had an initial ozone removal efficiency of ~60%. After its decline 
to ~30%, the ability to remove ozone seems to stay unaltered. Similarly, the Heavy 
AC filter showed a four times larger initial ozone removal than the F7 filter. Its ozone 
removal efficiency during the coming months stayed relatively stable at an average 
value of 55%. These results suggest that at locations where efficient ozone removal 
along with particle filtration has to be achieved with the use of single stage filtration; 
the Heavy AC filter should be used.  
 
Table  5.2: Monthly ozone removal efficiencies for all the tested filters (%) 
Month F7 Light AC Medium AC Heavy AC 
0 24 38 62 82 
1 16 11 28 47 
2 3 16 20 53 
3 22 10 9 55 
4 -4 9 20 66 
5 4 16 26 42 
6 3 17 30 66 
 
 
5.3.4 Weight change and pressure drop  
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Tables 5.3 and 5.4 show the results of filter weight gains over the 6-month period. All 
filters gained weight and the gains increased with increasing amounts of carbon in the 
filter. The F7 filter gained approximately the same weight during the first 3 months of 
soiling as during the subsequent 3 months. This resulted in an overall weight increase 
of 102g, which is comparable to that observed by Bekö et al. (2008a) for the F7 filter 
(120g). At the airflow of 1300 m
3
/h through the filter, the total volume of air passing 




. The weight of particles retained by 
the filter (102g) during this time corresponds to the removal of 18.2µg of particle per 
m
3
 of air passing through the filter. Such a removal is relatively consistent with an 
estimated particle removal at an average outdoor particle concentration in the suburb 
of Copenhagen and at a given efficiency of the F7 filter. The Light, Medium and 
Heavy AC filters increased in weight by 165g, 246g and 327g, respectively. The 
higher weight gain by the “heavier” AC filters may be caused by slightly higher filter 
efficiently, moisture adsorption or the capture and retention of airborne organic 
compounds. Table 5.3 presents a crude estimate of the weight gains that might be due 
to the moisture and organic compounds retained by the filters. It is assumed that the 
F7 filter does not capture any organics, its equilibration is fast and we assume the 20 
hour pre-conditioning in the chamber with controlled temperature (21
o
C) and RH 
(35%) is sufficient enough to control water content in the F7 filter. Thus, the weights 
reflect changes in particle content since the amount of sorbed water changes is 
negligible at each weighing for F7 filter. It is assumed that AC filters retain exactly 
the same amount of particles as the F7 filter. However, the contribution to total weight 
gained by the AC filter is expressed in terms of moisture and organic removal because 
we are not sure whether the 20-hour pre-conditioning was sufficient to saturate the 
activated carbons in the AC filter. Some activated carbon adsorbs moisture mainly at 
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RH higher than 45% (ASHRAE handbook) which is the condition during the 6-month 
operation of the filters tested. Moreover, moisture adsorption capacity of activated 
carbon can be so high up to 0.9g water/g. 
 
The results of this exercise indicate that each AC filter removes similar amount of 
moisture and organics per gram of activated carbon. Moreover, the Light, Medium 
and Heavy AC filters remove about 11.2 µg, 25.6 µg and 40.1µg of moisture and 
organic compounds from a cubic meter of air flowing through the filters, respectively. 
Such removal is plausible given typical concentrations of TVOC in outdoor air 
(Tucker, 2001) and water concentration in the air which can be more than thousand 
times higher than the concentration of organics 
 
It’s important to note that all AC filters gained less weight in the second 3-month 
period than in the first one (Table 5.4). This was pronounced in the case of the 
Medium filter and even more pronounced for the Heavy filter, which experienced 
almost its entire weight gain in the first half of the soiling period. These results also 
suggest that processes different from increased particle capturing may be responsible 
for the observed larger weight increase when more carbon was present in the filter. 
Presumably the ability of the AC filters to remove particles is similar to that of the F7 
filter. However the capacity of the AC filters to remove moisture and organics from 
the air is substantially stronger when the filter is new. After a certain time of 
continuous operation, the carbon in these filters becomes saturated with moisture and 




The results highly differ from those observed in the previous study, where a 
commercially available AC filter (corresponding in carbon content to the Heavy AC 
filter in the present study) gained 60g in weight during 5.5 months of operation, which 
was half of the weight gain of the F7 filter. This difference can be attributed to the 
loss of carbon particles which break off from the carbon granules in the filter and are 
subsequently removed by the air passing through the filter. Presumably the prototype 
filters tested in the present experiment (including the Heavy AC filter) were 
constructed in a way that was different from the manufacturing procedure of the 
commercially available AC filter used in the previous experiment. The prototype 
filters may better bind the carbon granules or likely they may more efficiently capture 
the carbon particles which break off from the granules.  
 
The observed weight changes are supported by the results of the pressure drop 
measurements which similarly show larger pressure drop for filters with more carbon 
(Table 5.5). The increase in pressure drop over the 6 months was very small for all of 
the tested filters. The pressure drop of the F7 filter was a little higher than presented 
by Bekö et al. (2008a). The Heavy AC filter was also found to have slightly higher 
pressure drop than the corresponding commercially available AC filter in the earlier 
study. As was observed in the previous study, the Heavy AC filter showed nearly 
twice as high a final pressure drop as the F7 filter. The economic consequences of the 
higher pressure drop might however be overwhelmed by the positive particle and 





Table  5.3: Weights gains of filters after 6 months of service. The contribution of particles and 
organics to the total weight gain is indicated. 






































F7 1210 102 none none none none 
Light AC 1466 165 63 0.21 0.037 11.2 
Medium AC 1866 246 144 0.24 0.043 25.6 
Heavy AC 2685 327 225 0.19 0.033 40.1 
* Assuming that the F7 filter only removes particles and that all filters have the same particle removal 
efficiency 
** Each filter has a total surface area of 3m2.  
*** At a continuous airflow of 1300m3/h over 6 months, the total volume of air passing through each 







Table  5.4: Weights gains of filters after the initial and final 3 months of service. The 
contribution of particles and organics to the total weight gain is indicated. 











































F7 1210 48 none none 54 none none 
Light AC 1466 88 40 0.13 77 23 0.08 
Medium AC 1866 158 110 0.18 88 34 0.06 
Heavy AC 2685 322 274 0.23 5 -49 N/A 




Table  5.5: Pressure drops of filters prior to the soiling period, after 3 months and after 6 
months of service 
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F7 74±0.63 77±0.56 3 78± 0.62 1 4 
Light AC 89±1.03 88±0.49 -1 95±0.96 7 6 
Medium AC 103±0.83 95±0.96 -8 102±0.62 7 -1 
Heavy AC 130±3.71 132±0.63 2 144±0.9 12 14 
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5.4  Conclusion 
A previous study on sensory pollution from various filters by Bekö et al. (2008a) 
concluded that, if further studies confirm the results, the commercially available AC 
filter may be a powerful solution to the long recognized problem. The present study 
further supports those results. Bag filters incorporating carbon meaningfully improved 
the quality of the filtered air. Moreover, the current work tested filter prototypes with 
three different levels of carbon content in the filters. After 6 months of continuous 
operation the fiberglass filter with the lowest amount of carbon provided air quality 
that was as good as that provided by the new filters or AC filters containing two or 
four times more carbon. In comparison with the AC filters, the 6-month-old F7 filter 
significantly deteriorated the perceived air quality. The Light AC filter may be a 
recommended filtration strategy for applications where sensory pollution from air 
filters should be avoided and presumably little additional expenses at identical 
minimum particle removal efficiency. This filter, however, seems to have limited 
capacity to remove ozone from the air passing through it. At locations with relatively 
high annual average outdoor ozone concentrations and places where ozone removal 
from the supply air is desired, the Medium AC filter and more preferably the Heavy 
AC filter should be recommended. Although both the initial and running costs 
associated with the “heavier” AC filters may be higher in comparison with the Light 
AC filter, presumably these filters would provide better protection of the indoor 
environment and the occupants from ozone and the subsequent ozone initiated indoor 
chemistry. The long term economic benefits of such filters have still to be determined. 
However it is possible that avoiding sensory pollution from filters may increase 
occupant productivity in the ventilated space as a result of improved perceived air 
quality. According to the present results, this can be achieved with a quarter of carbon 
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content in commercially available AC filter. Filter containing approximately half of 
carbon in commercially available AC filter or more may even lead to increased ozone 
removal and consequently to additional health benefits. Thus, the extra costs 
associated with more carbon incorporated in the filter could easily result in several 
times higher overall economic savings.  
 
The limitations of this study are similar to those of the previous one. Before wide 
scale adoption of the tested filters, further tests should be performed at more polluted 
locations where larger mass loadings can occur. Moreover, the experiments could be 
extended to longer soiling periods, as well as soiling in real buildings with high 
recirculation rates instead of purely outdoor air. Furthermore, better measurements 
could be made on the ozone removal efficiencies of these filters as a function of 
loading, as well as on their true pressure drops. Nonetheless, the current results are 
quite promising. 
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6.1 Review and achievement of research objectives and hypotheses 
This study of effect of filter, ventilation and recirculation rates on ozone initiated 
chemistry products in air conditioned buildings in the tropics was embarked with two 
objectives. The objectives and their achievement are reviewed as follows. 
 
Objective 1 
To examine the impact of recirculation rate, ventilation rate and filtration downstream 
of zone where mixing occur on the concentration of condensed-phase, ozone-derived 
oxidation products (i.e., SOA) in a model room whose air was supplied by such a 




• Over a given period of time of typical operating office hours, levels of SOA 
might be higher with a used filter in the system than a new filter under 
scenario of recirculation of conditioned air.  
 
Important conclusions drawn from the study sequel to the first hypothesis are that: 
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• SOA particle number and mass concentration (no filter) are significantly 
higher than that of new and used filter 
 
• If all else is equal (i.e. no influence of outdoor conditions), there does not 
appear to be much difference between new filters and used filters in terms of 
their impact on SOA produced by ozone/limonene chemistry. 
 
• Although, the used filter reduces SOA as much as a new filter, used F7 filter 
was found to emit sensory offending pollutants than new F7 filter. 
 
•  Even relatively inefficient particle filters significantly reduce the 
concentration of airborne particles in a room serviced by a system that re-
circulates a large fraction of the supply air. 
 
•  Ozone reactions with species on the filter surface (either sorbed limonene or 
organics associated with captured particles) do not appear to meaningfully 
affect the overall concentration of SOA. The great majority of SOA appear to 
be derived from ozone/limonene reaction in the gas phase. 
 
Hypothesis 2 
Higher recirculation rate will result in lower production of SOA in indoor space. 
 
Important conclusions drawn from the study sequel to the second hypothesis are that: 
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• At large recirculation rates, the surfaces within the air handling system 
(ductwork, cooling coils, and fans) remove a meaningful amount of particles 
from the airstream.  
 
• While this is favorable in terms of reducing the airborne concentration of 
particles, it means that the surfaces accumulate a “cake” of particles. Such 
cakes may become important reservoirs of volatile and semi-volatile organic 
compounds, re-emitting such compounds into the air as conditions vary. 
Indeed, during the present study it was observed that rain events resulted in 
significant desorption of limonene from surfaces and, consequently, increased 
production of SOA. 
 
• If all else is equal, SOA levels are higher at the lower recirculation rate 
compared to the higher recirculation rate. The surface removal of SOA is 
larger at the higher recirculation rate.  
 
• The size-distributions of the particle number-concentrations were shifted 
towards larger particles at higher recirculation rates. 
 
• The ozone level is lower at the higher recirculation rate because ozone surface 
removal is larger. A lower ozone level means less SOA production. 
 
• A greater amount of filtration is anticipated at higher recirculation rate 
because the airstream is passing through the filters more frequently, per unit 
time, at the higher recirculation rate.  
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• When new or used filters are in the air handling system, the difference 
between particle concentrations at low and high recirculation rates is 
significantly smaller than when no filters are in the system. 
 
Hypothesis 3 
Higher ventilation rate (with ozone generation rate appropriate to constant outdoor 
ozone) will result in lower production of SOA in indoor space  
 
Important conclusion drawn from the study sequel to the third hypothesis is that: 
 
• The influence of the ventilation rate (outdoor air) on the steady-state 
concentration of ozone and SOA in the FEC is complicated by the leakage rate, 
which changes with both the ventilation and recirculation rates.  
 
• The sum of the ventilation and leakage rates determines the rate at which 
outdoor ozone is transported indoors.  
 
• As this sum increases, the outdoor-to-indoor transport of ozone increases. 
However, this does not always result in higher indoor ozone concentrations, 
since the surface removal rate constant also increases as this sum increases. 
  
• Steady-state concentration of ozone in the FEC does not necessarily increase 
as the ventilation rate increases but increased ventilation rate dilutes the SOA 




The second objective aimed at recommending effective measures for minimizing the 
adverse effect of ozone initiated chemistry indoors.  
 
• Under conditions in which ozone drives the production of secondary organic 
aerosols, activated carbon filters are more effective at reducing particle 
concentrations than stand alone particle filters (new and used ordinary filter) 
 
• SOA levels (both number and mass) are significantly lower during ozone 
injection when charcoal filters are in place. This is most likely due to the 
removal of ozone from the airstream by the charcoal filter. It also removes 
limonene, but to a lesser extent. 
 
• Bag filters incorporating carbon meaningfully improved the quality of the 
filtered air than bag filter without carbon. 
 
• After 6 months of continuous operation the fiberglass filter with a quarter 
amount of carbon (light AC filter) provided as good air quality as the new 
filters or AC filters containing two (medium) or four times (heavy) more 
carbon 
 
• In comparison with the AC filters, the 6-month-old F7 filter significantly 
deteriorated the perceived air quality. 
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• The light AC filter seems to have limited capacity (when compared with 
medium and heavy AC filter) to remove gaseous pollutants, particularly ozone 
from the air passing through.  
 
• However, even the light AC filter removes significantly more ozone from air 
passing through it than does the F7 filter.   
 
6.2 Future consideration in aspect of scientific research 
 
• To explore the effects on human perceptual responses and work performance when 
the occupants are exposed to various levels of SOA concentration commensurate 
with the ozone/limonene levels experienced in normal situations coupled with 
different state of filters and use of activated carbon filter. A series of performance 
test batteries consisting of component skills and simulated office works can be 
administered on the subjects. 
 
• To compare the effect of ozone passing through chemical composition of the 
captured materials on two used filters with “different” location history (“90% 
recirculated air” filter versus “100% outdoor air” filter). The chemical composition 
is expected to be different due to location history. Subsequent comparison of the 
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Appendix A: Ozone decay rate measurements 




















(a)- Ozone decay rate (k) for LVLR no filter = 0.097*60= 5.8h
-1
 



















(b)- Ozone decay rate (k) for LVHR no filter = 0.234*60= 14.0h
-1
 










































(d)- Ozone decay rate (k) for HVHR no filter = 0.33*60= 19.8h
-1
 




















(e)- Ozone decay rate (k) for LVLR new filter = 0.198*60= 11.9h
-1
 









































(g)- Ozone decay rate (k) for HVLR new filter = 0.202*60= 12.1h
-1
 



































































(j)- Ozone decay rate (k) for LVHR used filter = 0.148*60= 20.4h
-1
 



















(k)- Ozone decay rate (k) for HVLR used filter = 0.148*60= 8.9h
-1
 






















Figure A.1 (a) to (j): Ozone concentration decay rate for each of the filters and different 
conditions of ventilation and recirculation rates  
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Ozone Monitor (Principle of ozone measurement by UV spectroscopy) 
 
The 2B Technologies ozone monitor (used for this study) is designed to enable 
accurate measurements of atmospheric ozone in the mixing ration over a wide 
dynamic range extending from a limit of detection of 1.5 parts-per-billion by volume 
(pppv) to an upper limit of 100 parts-per-million (ppmv) based on the well established 
technique of absorption of UV light at 254nm. 
 
Ozone is measured based on attenuation of light passing through a 15cm long 
absorption cell fitted with quartz window. A low-pressure mercury lamp is located on 
one side of the absorption cell, and a photodiode is located on the opposite side of 
absorption cell. The photodiode has a built-in interference filter centered on 254nm, 
the principal wavelength of light emitted by mercury lamp. An air pump draws air 
into the instrument at a flow rate of approximately 1L/min. A solenoid valve switvhes 
so as to alternately send this air directly into the absorption cell or through an ozone 
scrubber and then into the absorption cell. The intensity of light at the photodiode is 
measured in air that has passed through the ozone scrubber (lo) and air that has not 
passed through the scrubber (l). Ozone concentration is calculated from the 
measurement of (lo) and (l). 
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Appendix B: Figures and tables in study for sensory pollution from 

























































1. How do you assess the air quality? 
 
Please mark on the scale 
 
Notice the distinction between  




2. How do you assess the odour intensity? 
3.  How do you perceive the air? 
Fresh Stuffy 
Not Dusty Dusty 




































new used FL1 FL2
 
Figure B2: Percentage of people dissatisfied with the air quality downstream of the tested 
































) new used FL1 FL2
 
Figure B3: Percentage of people dissatisfied with the air quality downstream of the tested 



































New Used Empty units- mean
 
 
Figure B4: Odour intensity of the air downstream of the tested filters at the mid-term 
evaluation. Mean assessed values and 95% confidence intervals are shown. The dashed line 
depicts the mean odor intensity for air that had passed through the two empty test plenums 
  






















New Used Empty units- mean
 
 
Figure B5: Freshness of the air downstream of the tested filters at the mid-term evaluation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 




























New Used Empty units- mean
 
 
Figure B6: Dustiness of the air downstream of the tested filters at the mid-term evaluation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 
mean dustiness assessed for air that had passed through the two empty test plenums 
 





















New Used Empty units- mean
 
 
Figure B7: Moldiness of the air downstream of the tested filters at the mid-term evaluation. 
Mean assessed values and 95% confidence intervals are shown. The dashed line depicts the 








Results of the statistical analyses – linear mixed-effects model fit by REML and 
ANOVA 
Note: Results were considered statistically significant when P<0.05 
 
Model testing the effect of two different sensory panels - dataset consists of new 
filters and empty units from the mid-term and final evaluations 
 
> add <- read.table("Camfil_ANOVA_New.csv", header=T, sep=",") 
> head(add, 10) ## Look at the data 
 
> add$Panel <- factor(add$Panel) 
> add$Subject <- factor(add$Subject) 
 
MODEL: 
> add1.lme.REML <- lme(ACC ~ Panel+Filtertype, data=add, 
random=~1|Subject, 
+                      na.action=na.omit, method="REML") 
 
> summary(add1.lme.REML) 
Linear mixed-effects model fit by REML 
 Data: add  
       AIC      BIC    logLik 
  375.8601 409.1641 -178.9301 
 
Random effects: 
 Formula: ~1 | Subject 
        (Intercept)  Residual 
StdDev:   0.2544920 0.3771686 
 
Fixed effects: ACC ~ Panel + Filtertype  
                          Value  Std.Error  DF    t-value p-value 
(Intercept)          0.13154995 0.08085523 250  1.6269813  0.1050 
Panel2               0.08636508 0.08463041  49  1.0204969  0.3125 
FiltertypeEmpty2    -0.04431373 0.07469051 250 -0.5932979  0.5535 
FiltertypeF7New     -0.03431373 0.07469051 250 -0.4594121  0.6463 
FiltertypeHeavyNew   0.02352941 0.07469051 250  0.3150255  0.7530 
FiltertypeLightNew   0.15627451 0.07469051 250  2.0922941  0.0374 
FiltertypeMediumNew  0.10000000 0.07469051 250  1.3388582  0.1818 
 Correlation:  
                    (Intr) Panel2 FltrE2 FltF7N FltrHN FltrLN 
Panel2              -0.616                                    
FiltertypeEmpty2    -0.462  0.000                             
FiltertypeF7New     -0.462  0.000  0.500                      
FiltertypeHeavyNew  -0.462  0.000  0.500  0.500               
FiltertypeLightNew  -0.462  0.000  0.500  0.500  0.500        
FiltertypeMediumNew -0.462  0.000  0.500  0.500  0.500  0.500 
 
Standardized Within-Group Residuals: 
         Min           Q1          Med           Q3          Max  
-2.994320139 -0.555583913  0.008044028  0.669595773  2.141181391  
 
Number of Observations: 306 
Number of Groups: 51  
> anova(add1.lme.REML) 
            numDF denDF   F-value p-value 
(Intercept)     1   250 26.864648  <.0001 
Panel           1    49  1.041414  0.3125 
Filtertype      5   250  2.249364  0.0501 
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Model testing the effect of filter type and soiling time - dataset consists of new 
and used filters from the mid-term and final evaluations 
(Data from the two individual evaluations of the new filters are merged, based on the 
previous result of no significant different between the two panels). 
 
> add <- read.table("Camfil_ANOVA_Separated.csv", header=T, sep=",") 
> head(add, 10) ## Look at the data 
 
MODEL: 
> add2b.lme.REML <- lme(ACC ~ Filtertype+Age, data=add, 
random=~1|Subject, 
+                      na.action=na.omit, method="REML") 
 
> summary(add2b.lme.REML) 
Linear mixed-effects model fit by REML 
 Data: add  
      AIC      BIC    logLik 
  490.373 522.3447 -237.1865 
 
Random effects: 
 Formula: ~1 | Subject 
        (Intercept)  Residual 
StdDev:   0.2211327 0.3901945 
 
Fixed effects: ACC ~ Filtertype + Age  
                       Value  Std.Error  DF   t-value p-value 
(Intercept)       0.04982843 0.05314741 352  0.937551  0.3491 
FiltertypeHeavy   0.24725490 0.05463815 352  4.525316  0.0000 
FiltertypeLight   0.27970588 0.05463815 352  5.119241  0.0000 
FiltertypeMedium  0.24862745 0.05463815 352  4.550437  0.0000 
Age3             -0.25689495 0.05619945 352 -4.571130  0.0000  
(difference between 0 and 3 months of filter age) 
Age6             -0.10959020 0.04805064 352 -2.280723  0.0232 
(difference between 0 and 6 months of filter age) 
 Correlation:  
                 (Intr) FltrtH FltrtL FltrtM Age3   
FiltertypeHeavy  -0.514                             
FiltertypeLight  -0.514  0.500                      
FiltertypeMedium -0.514  0.500  0.500               
Age3             -0.250  0.000  0.000  0.000        
Age6             -0.292  0.000  0.000  0.000  0.121 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-3.15421449 -0.56500418  0.01581140  0.61963994  2.34059220  
 
Number of Observations: 408 
Number of Groups: 51  
> anova(add2b.lme.REML) 
            numDF denDF  F-value p-value 
(Intercept)     1   352 18.88529  <.0001 
Filtertype      3   352 11.34475  <.0001 
Age             2   352 11.96236  <.0001 
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Model testing the statistical difference between the 3 months and 6 months of 
filter soiling. Dataset slightly modified from the previous analyses (see above)  
 
> add <- read.table("Camfil_ANOVA_Separated 3to6.csv", header=T, 
sep=",") 
> head(add, 10) ## Look at the data 
 
> add$Panel <- factor(add$Panel) 
> add$Subject <- factor(add$Subject) 
> add$Age <- factor(add$Age) 
 
MODEL: 
> add2d.lme.REML <- lme(ACC ~ Age+Filtertype, data=add, 
random=~1|Subject, 
+                      na.action=na.omit, method="REML") 
 
> summary(add2d.lme.REML) 
Linear mixed-effects model fit by REML 
 Data: add  
      AIC      BIC    logLik 
  490.373 522.3447 -237.1865 
 
Random effects: 
 Formula: ~1 | Subject 
        (Intercept)  Residual 
StdDev:   0.2211327 0.3901945 
 
Fixed effects: ACC ~ Age + Filtertype  
                       Value  Std.Error  DF   t-value p-value 
(Intercept)      -0.05976177 0.06033943 352 -0.990426  0.3226 
AgeT-3           -0.14730475 0.06938237 352 -2.123086  0.0344 
(difference between 6 and 3 months of filter age) 
AgeZ-0            0.10959020 0.04805064 352  2.280723  0.0232 
FiltertypeHeavy   0.24725490 0.05463815 352  4.525316  0.0000 
FiltertypeLight   0.27970588 0.05463815 352  5.119241  0.0000 
FiltertypeMedium  0.24862745 0.05463815 352  4.550437  0.0000 
 Correlation:  
                 (Intr) AgeT-3 AgeZ-0 FltrtH FltrtL 
AgeT-3           -0.473                             
AgeZ-0           -0.539  0.595                      
FiltertypeHeavy  -0.453  0.000  0.000               
FiltertypeLight  -0.453  0.000  0.000  0.500        
FiltertypeMedium -0.453  0.000  0.000  0.500  0.500 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-3.15421449 -0.56500418  0.01581140  0.61963994  2.34059220  
 
Number of Observations: 408 
Number of Groups: 51  
> anova(add2d.lme.REML) 
            numDF denDF  F-value p-value 
(Intercept)     1   352 18.88529  <.0001 
Age             2   352 11.96236  <.0001 
Filtertype      3   352 11.34475  <.0001 
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Model testing the statistical difference between the new EU7 filter and the rest of 
the filters both at the mid-term and final evaluations.  
This test was perform to support the results from the pairwise comparisons.  
(Data from the two individual evaluations of the new filters are merged, based on the 
previous result of no significant different between the two panels). 
 
 
> add <- read.table("Camfil_ANOVA_Separated.csv", header=T, sep=",") 
> head(add, 10) ## Look at the data 
 
> add$Panel <- factor(add$Panel) 
> add$Subject <- factor(add$Subject) 
> add$Age <- factor(add$Age) 
 
MODEL:  
> add2c.lme.REML <- lme(ACC ~ Condition, data=add, random=~1|Subject, 
+                      na.action=na.omit, method="REML") 
 
> summary(add2c.lme.REML) 
Linear mixed-effects model fit by REML 
 Data: add  
       AIC      BIC    logLik 
  499.1415 554.8813 -235.5707 
 
Random effects: 
 Formula: ~1 | Subject 
        (Intercept)  Residual 
StdDev:   0.2226336 0.3834928 
 
Fixed effects: ACC ~ Condition  
                  Value  Std.Error  DF   t-value p-value 
(Intercept)   0.1480392 0.06209298 346  2.384154  0.0177 (EU7 new) 
ConditionC10  0.0578431 0.07594290 346  0.761666  0.4468 (Heavy new) 
ConditionC11 -0.0464219 0.10236269 346 -0.453504  0.6505 (Heavy 3mths) 
ConditionC12  0.1514953 0.08986442 346  1.685821  0.0927 (Heavy 6mths) 
ConditionC2  -0.3211838 0.10236269 346 -3.137704  0.0018 (EU7 3mths) 
ConditionC3  -0.3985047 0.08986442 346 -4.434510  0.0000 (EU7 6 mths) 
ConditionC4   0.1905882 0.07594290 346  2.509626  0.0125 (Light new) 
ConditionC5  -0.1449934 0.10236269 346 -1.416467  0.1575 (Light 3mths) 
ConditionC6   0.1051620 0.08986442 346  1.170230  0.2427 (Light 6mths) 
ConditionC7   0.1343137 0.07594290 346  1.768615  0.0778 (Medium new) 
ConditionC8  -0.1292791 0.10236269 346 -1.262951  0.2075 (Medium 
3mths) 
ConditionC9   0.0841620 0.08986442 346  0.936544  0.3496 (Medium 
6mths) 
 Correlation:  
             (Intr) CndC10 CndC11 CndC12 CndtC2 CndtC3 CndtC4 CndtC5 
CndtC6 
ConditionC10 -0.612                                                         
ConditionC11 -0.454  0.371                                                  
ConditionC12 -0.517  0.423  0.268                                           
ConditionC2  -0.454  0.371  0.332  0.268                                    
ConditionC3  -0.517  0.423  0.268  0.393  0.268                             
ConditionC4  -0.612  0.500  0.371  0.423  0.371  0.423                      
ConditionC5  -0.454  0.371  0.332  0.268  0.332  0.268  0.371               
ConditionC6  -0.517  0.423  0.268  0.393  0.268  0.393  0.423  0.268        
ConditionC7  -0.612  0.500  0.371  0.423  0.371  0.423  0.500  0.371  
0.423 
ConditionC8  -0.454  0.371  0.332  0.268  0.332  0.268  0.371  0.332  
0.268 
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ConditionC9  -0.517  0.423  0.268  0.393  0.268  0.393  0.423  0.268  
0.393 
             CndtC7 CndtC8 
ConditionC10               
ConditionC11               
ConditionC12               
ConditionC2                
ConditionC3                
ConditionC4                
ConditionC5                
ConditionC6                
ConditionC7                
ConditionC8   0.371        
ConditionC9   0.423  0.268 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-2.97144214 -0.55502096  0.05042704  0.63217715  2.37111968  
 
Number of Observations: 408 
Number of Groups: 51  
> anova(add2c.lme.REML) 
            numDF denDF   F-value p-value 
(Intercept)     1   346 18.880313  <.0001 
Condition      11   346  7.117544  <.0001 
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Results of the pairwise statistical analyses 
Note that the new filters assessed at the mid-term evaluation and the new filter 
assessed at the final sensory assessments are identical filters. The “3 mths” and 
“6mths” in apprentices indicate whether the results correspond to the mid-term 
evaluation (former) or the final one (later). Significant values (P<0.05) are indicated 
in italic.  
 
Table B1: Results of the Shapiro-Wilks normality test for each tested condition 
Condition P-value 
F7 new (3mths) 0.2926 
F7 used (3mths) 0.7815 
Light AC new (3mths) 0.3311 
Light AC used (3mths) 0.2344 
Medium AC new (3mths) 0.0578 
Medium AC used (3mths) 0.9894 
Heavy AC new (3mths) 0.1843 
Heavy AC used (3mths) 0.4541 
Empty FL1 (3mths) 0.7394 
Empty FL2 (3mths) 0.1968 
Mean Empty FL (3mths) 0.7082 
F7 new (6mths) 0.4520 
F7 used (6mths) 0.0318 
Light AC new (6mths) 0.1004 
Light AC used (6mths) 0.0445 
Medium AC new (6mths) 0.0281 
Medium AC used (6mths) 0.0645 
Heavy AC new (6mths) 0.0411 
Heavy AC used (6mths) 0.1114 
Empty FL1 (6mths) 0.1572 
Empty FL2 (6mths) 0.8110 
Mean Empty FL (6mths) 0.4255 
P>0.01—data normally distributed; P<0.01—data not normally distributed  
 
Table B2: Comparisons between the new filters and the corresponding used filters assessed at 
the mid-term evaluation (3 months). The two empty test units are compared as well. 
Conditions Type of  test P value 
F7 new (3mths) vs F7 used (3mths) Paired t-test 0.0232 
Light AC new (3mths) vs Light AC used (3mths) Paired t-test 0.0073 
Medium AC new (3mths) vs Medium AC used (3mths) Paired t-test 0.0588 
Heavy AC new (3mths) vs Heavy AC used (3mths) Paired t-test 0.6763 
Empty FL1 (3mths) vs Empty FL2 (3mths) Paired t-test 0.2514 
 
Table B3: Comparisons between the new filters and the corresponding used filters assessed at 
the end of the 6-month soiling period. The two empty test units are compared as well. 
Conditions Type of  test P value 
F7 new (6mths) vs F7 used (6mths) Paired t-test 0.0003 
Light AC new (6mths) vs Light AC used (6mths) Paired t-test 0.4531 
Medium AC new (6mths) vs Medium AC used (6mths) Paired t-test 0.5653 
Heavy AC new (6mths) vs Heavy AC used (6mths) Paired t-test 0.6395 
Empty FL1 (6mths) vs Empty FL2 (6mths) Paired t-test 0.1170 
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 Table B4: Comparisons between the conditions evaluated at the mid-term evaluation (3mths) 
and the same conditions at the final evaluation (6mths). 
Conditions Type of  test P value 
F7 new (3mths) vs F7 new (6mths) Two sample 
t-test 
0.3810 
Light AC new (3mths) vs Light AC new (6mths) Two sample 
t-test 
0.6181 
Medium AC new (3mths) vs Medium AC new (6mths) Two sample 
t-test 
0.4848 
Heavy AC new (3mths) vs Heavy AC new (6mths) Two sample 
t-test 
0.2763 
Empty FL1 (3mths) vs Empty FL1 (6mths) Two sample 
t-test 
0.2207 
Empty FL2 (3mths) vs Empty FL2 (6mths) Two sample 
t-test 
0.6110 
Mean Empty FL (3mths) vs Mean Empty FL (6mths) Two sample 
t-test 
0.6831 
F7 used (3mths) vs F7 used (6mths) Two sample 
t-test 
0.8802 
Light AC used (3mths) vs Light AC used (6mths) Two sample 
t-test 
0.0162 
Medium AC used (3mths) vs Medium AC used (6mths) Two sample 
t-test 
0.0330 




Table B5: Comparisons between the new F7 filter and all used AC filters as well as the mean 
value for the two empty units for both the mid-term and final evaluations 
Conditions Type of  test P value 
F7 new (3mths) vs Light AC used (3mths) Paired t-test 0.3853 
F7 new (3mths) vs Medium AC used  (3mths) Paired t-test 0.5371 
F7 new (3mths) vs Heavy AC used (3mths) Paired t-test 0.9408 
F7 new (3mths) vs Mean Empty FL (3mths) Paired t-test 0.5690 
F7 new (6mths) vs Light AC used (6mths) Paired t-test 0.4029 
F7 new (6mths) vs Medium AC used(6mths) Paired t-test 0.5742 
F7 new (6mths) vs Heavy AC used (6mths) Paired t-test 0.1784 
F7 new (6mths) vs Mean Empty FL (6mths) Paired t-test 0.8419 
 
Table B6: Comparisons between the new filters at the mid-term evaluation 
Conditions Type of  test P- values 
F7 new (3mths) vs Light AC new (3mths) Paired t-test 0.0819 
F7 new (3mths) vs Medium AC new  (3mths) Paired t-test 0.1203 
F7 new (3mths) vs Heavy AC new (3mths) Paired t-test 0.8037 
Light AC new (3mths) vs Medium AC new  (3mths) Paired t-test 0.4350 
Light AC new (3mths) vs Heavy AC new (3mths) Paired t-test 0.0901 
Medium AC new (3mths) vs Heavy AC new (3mths) Paired t-test 0.3211 
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Table B7: Comparisons between the used filters at the mid-term evaluation. Each used filter is 
also compared with the mean acceptability of the two empty test units 
Conditions Type of  test P -values 
F7 used (3mths) vs Light AC used (3mths) Paired t-test 0.1943 
F7 used (3mths) vs Medium AC used  (3mths) Paired t-test 0.1752 
F7 used (3mths) vs Heavy AC used (3mths) Paired t-test 0.0681 
Light AC used (3mths) vs Medium AC used  (3mths) Paired t-test 0.8433 
Light AC used (3mths) vs Heavy AC used (3mths) Paired t-test 0.2920 
Medium AC used (3mths) vs Heavy AC used (3mths) Paired t-test 0.2579 
F7 used (3mths) vs Mean Empty FL (3mths) Paired t-test 0.0091 
Light AC used (3mths) vs Mean Empty FL (3mths) Paired t-test 0.0909 
Medium AC used (3mths) vs Mean Empty FL (3mths) Paired t-test 0.1869 
Heavy AC used (3mths) vs Mean Empty FL (3mths) Paired t-test 0.5650 
 
Table B8: Comparisons between the new filters at the final evaluation 
Conditions Type of  test P- values 
F7 new (6mths) vs Light AC new (6mths) Paired t-test 0.1577 
F7 new (6mths) vs Medium AC new  (6mths) Paired t-test 0.2133 
F7 new (6mths) vs Heavy AC new (6mths) Paired t-test 0.5101 
Light AC new (6mths) vs Medium AC new  (6mths) Paired t-test 0.7167 
Light AC new (6mths) vs Heavy AC new (6mths) Paired t-test 0.3493 
Medium AC new (6mths) vs Heavy AC new (6mths) Paired t-test 0.6937 
 
Table B9: Comparisons between the used filters at the final evaluation. Each used filter is also 
compared with the mean acceptability of the two empty test units 
Conditions Type of  test P- values 
F7 used (6mths) vs Light AC used (6mths) Paired t-test 0 
F7 used (6mths) vs Medium AC used  (6mths) Paired t-test 0.0001 
F7 used (6mths) vs Heavy AC used (6mths) Paired t-test 0 
Light AC used (6mths) vs Medium AC used  (6mths) Paired t-test 0.8032 
Light AC used (6mths) vs Heavy AC used (6mths) Paired t-test 0.6450 
Medium AC used (6mths) vs Heavy AC used (6mths) Paired t-test 0.5768 
F7 used (6mths) vs Mean Empty FL (6mths) Paired t-test 0.0002 
Light AC used (6mths) vs Mean Empty FL (6mths) Paired t-test 0.1735 
Medium AC used (6mths) vs Mean Empty FL (6mths) Paired t-test 0.4231 
Heavy AC used (6mths) vs Mean Empty FL (6mths) Paired t-test 0.0500 
 
Table B10: Comparisons between the new Light AC filter and all used AC filters as well as 
the mean value for the two empty units for both the mid-term and final evaluations 
Conditions Type of  test P value 
Light AC new (3mths) vs F7 used (3mths) Paired t-test 0.0001 
Light AC new (3mths) vs Medium AC used  (3mths) Paired t-test 0.0038 
Light AC new (3mths) vs Heavy AC used (3mths) Paired t-test 0.0411 
Light AC new (3mths) vs Mean Empty FL (3mths) Paired t-test 0.1344 
Light AC new (6mths) vs F7 used (6mths) Paired t-test 0 
Light AC new (6mths) vs Medium AC used(6mths) Paired t-test 0.3328 
Light AC new (6mths) vs Heavy AC used (6mths) Paired t-test 0.6994 




Table B11: Comparisons between the new Medium AC filter and all used AC filters as well 
as the mean value for the two empty units for both the mid-term and final evaluations 
Conditions Type of  test P- values 
Medium AC new (3mths) vs F7 used (3mths) Paired t-test 0.0032 
Medium AC new (3mths) vs Light AC used  (3mths) Paired t-test 0.0163 
Medium AC new (3mths) vs Heavy AC used (3mths) Paired t-test 0.1001 
Medium AC new (3mths) vs Mean Empty FL (3mths) Paired t-test 0.2794 
Medium AC new (6mths) vs F7 used (6mths) Paired t-test 0 
Medium AC new (6mths) vs Light AC used(6mths) Paired t-test 0.6037 
Medium AC new (6mths) vs Heavy AC used (6mths) Paired t-test 0.9589 
Medium AC new (6mths) vs Mean Empty FL (6mths) Paired t-test 0.1068 
 
Table B12: Comparisons between the new Heavy AC filter and all used AC filters as well as 
the mean value for the two empty units for both the mid-term and final evaluations 
Conditions Type of  test P- values 
Heavy AC new (3mths) vs F7 used (3mths) Paired t-test 0.0365 
Heavy AC new (3mths) vs Light AC used  (3mths) Paired t-test 0.0735 
Heavy AC new (3mths) vs Medium AC used (3mths) Paired t-test 0.1847 
Heavy AC new (3mths) vs Mean Empty FL (3mths) Paired t-test 0.8310 
Heavy AC new (6mths) vs F7 used (6mths) Paired t-test 0.0004 
Heavy AC new (6mths) vs Light AC used(6mths) Paired t-test 0.9623 
Heavy AC new (6mths) vs Medium AC used (6mths) Paired t-test 0.8759 







Appendix C: Airflow and leakage measurements in a field 
environmental chamber that has three supply air 
modes and with ventilation system recirculating 








This study provides understanding on issues to take into consideration when 
conducting chemical species measurements in a field environmental chamber (FEC) 
that has more than one supply air mode and with ventilation system recirculating 
larger percentage of its air. The aim of the study is to determine airflow and leakage 
measurements in the FEC and its ventilation systems. Investigation on SF6 
concentration profiles in the FEC and its ventilation systems after treatments to 
potential leakage areas of the FEC and ventilation systems were conducted at 
ventilation rate of 2h
-1
 and recirculation rate of 14h
-1
 (corresponding to 50HZ fan 
frequency). This study suggests that leakages or channeling of significant amount of 
recirculated air to unwanted locations before getting back to the FEC might make it 
difficult to maintain stable concentrations of chemical species for extended periods of 
time in the FEC, especially when only one out of the available supply air modes is 





) after various treatments to the FEC. By changing the fan frequency from 50HZ to 
25HZ (corresponding to a recirculation rate of 7 h
-1









When performing experiments related to indoor chemistry in a field environmental 
chamber (FEC), it will be useful if airflow and leakage characteristics of the room can 
be established. The findings of the airflow and leakage characteristics will 
be instructive and will help to identify what has to be done to maintain stable 
concentrations of species for extended periods of time. This study presents SF6 
concentration measurements done at various locations of a field environmental 
chamber and ventilation systems, to establish airflow and leakage characteristics of 
the chamber. The AHU/FEC has been described in Chapter 3 (see Figure C.1 and C.2). 




For this present study ceiling ventilation mode was utilized while under-floor and wall 
displacement ventilation mode were turned off with the aid of building automated 
system (BAS). Furthermore, the dampers leading to these 2 other ventilation modes 
(under-floor and wall displacement) were also turned off (closed). Though, the extent 
to which the dampers were properly closed is not known. 
 
C.2 Methods and materials 
Tracer gas (Sulphur hexafluoride- SF6) concentration decay method was used for this 
study. The study was conducted at a ventilation rate of 2 h
-1
 and a fan frequency of 50 
Hz (corresponding to a recirculation rate of 14 h
-1
). Simultaneous measurements were 
done at the following sampling locations: (i) FEC, (ii) under floor plenum of the FEC, 
(iii) ceiling plenum of the FEC, and (iv) AHU room (measurement point placed close 
to supply duct coming out of the AHU) (v) Exhaust duct. The measurements were 
done by laying sampling cables to respective sampling locations and the other end of 
the respective cables were attached to an INNOVA monitoring system for multi 
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sampling. SF6 was injected in the FEC (at different concentrations for all the scenarios) 
and stopped after some minutes to allow the SF6 to decay.  The room was pressurized 
for all the scenarios with fan frequency of 50HZ (unless otherwise stated). The 
damper leading to the ceiling ventilation mode was fully opened (100%).  
 
The study was in two parts. In the first part, leakage characteristics of the FEC was 
done without treatments to the leakage areas and in the second part, leakage 
characteristics of the FEC was determined after treatments to potential leakage areas 
in the FEC and ventilation systems (see Figure C.3). Prior to the commencement of 
the study, walkthrough investigations were done to identify potential leakage areas. 
The SF6 study was done in phases for the 2
nd
 part of the study. The order of the study 
for the 2
nd
 part are (i) sealing of potential leakage areas at the AHU and supply ducts 
coming out of the AHU, (ii) sealing of the under floor diffuser, visible leakage joints 
between the inert polymeric tiles laid to the floor of the FEC, and sockets points on 
the floor, (iii) sealing of potential leakage areas (gaps) between the porous acoustic 
ceiling tiles and ceiling metal frames, and luminaries, (iv) sealing of the doors and 
windows joints, and (v) resealing of all the joints between the inert polymeric tiles 
laid to the floor of the FEC, and sealing of side skirting, with every other treatments 
intact. Furthermore, phase (v) of the 2
nd
 part of the study was conducted again using 
fan frequency of 25HZ (corresponding to a recirculation rate of 7h
-1
). The intent is to 
investigate the effect of reduced pressurization of the FEC on the leakage rate 
characteristics of the FEC.  
 
The sealing of the AHU was done with duct tape and the potential leakage areas for 
ducts were sealed with silicon sealant and also covered with duct tape as another layer 
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to ensure that potential leakage area were properly sealed. The under floor diffuser 
were covered with aluminum foil and taped (with masking tape) to the floor, the gaps 
between the floor tiles were covered with masking tape. The gaps between the ceiling 
and the metal frame were also carefully covered with masking tapes and the 
luminaries were covered with transparent plastics. All the joints at the doors and 
windows were also carefully covered with tapes. The leakage rate of the FEC was 
calculated from the slope of the tracer gas (SF6) concentration decay curve using 
equation C.1:     
Air change rate (leakage rate) (h
-1
) = ln (C1-C2)/ (t1-t2).                               (C.1) 
Where C1= initial concentration of tracer gas (SF6) at time t1; C2= final concentration 
of tracer gas (SF6) at time t2 
 
C.3 Results and discussion 
C.3.1      Airflow determined by SF6 concentrations profile at sampling locations 
SF6 concentrations profile measured at different sampling locations (FEC, under-floor 
plenum, ceiling plenum, supply duct coming out of AHU, exhaust ducts) are shown in 
Figure C.4 to C.10. Since the SF6 was not generated at constant rate, comparisons 
were made in percentage concentration difference with reference to the FEC. Thus, 
readers should not read the values on the y-axis of the plot directly. 
 
The results (before treatment to leakages areas- see Figure C.4) show that most of the 
SF6 injected in the FEC leaked to the underfloor plenum possibly through the 
underfloor diffuser installed in the chamber. This is to be expected as SF6 is heavier 
than air and would sink. Since the UF plenum was acting like a sink, without any 
mixing and without being part of the air distribution system, highest SF6 levels were 
 170 
found in the UF plenum. The SF6 concentration measured at the ceiling plenum 
suggests there are potential leakage areas (gaps) between the porous acoustic ceiling 
tiles and ceiling metal frames, and luminaries. Other possibilities are leakages at the 
supply air ducts and return air ducts passing through the ceiling plenum. The SF6 
concentration measured at the supply duct coming out of the AHU suggests there are 
potential leakages at the supply air duct. There was very little amount of SF6 being 
exhausted out of the system through the exhaust duct. The most surprising 
observations are that SF6 value for under floor plenum was higher than the FEC by 
30% and SF6 value for ceiling plenum was almost the same as FEC. This is surprising 
because SF6 was injected in the FEC and not at under floor plenum nor ceiling 
plenum. SF6 concentration measured at the FEC was 36% higher than concentration 
measured at the supply air duct coming out of the AHU.  
 
After sealing potential leakage areas at the AHU and the supply air duct coming out 
of the AHU, the SF6 concentration measured in the FEC was 97% higher than 
concentration measured at the supply air duct coming out AHU (see Figure C.5). 
Under floor plenum SF6 value was higher than the FEC by 56% (26% higher than 
what was obtained in Figure C.4) and SF6 value measured in FEC was higher than 
ceiling plenum by 7% (5% improvement than the value obtained in Figure C.4). The 
results obtained suggest that sealing of the AHU and the supply air duct coming out of 
the AHU increase pressure in the ducts and FEC. The increased percentage 
concentration observed in the case of  under floor plenum is suspected to be as a result 
of more air being forced to the supply duct leading to the under floor plenum. Higher 
pressurization of the FEC is suspected to force more air to the under floor plenum 
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through the under floor diffuser in the FEC. It is also suspected to force air out of the 
FEC through gaps at window and door joints.  
 
After sealing of the under floor diffuser, and visible leakage joints between the inert 
polymeric tiles laid to the floor of the FEC, and sockets points on the floor, SF6 
concentration measured at the under floor plenum was 3% higher than concentration 
measured at the FEC (see Figure C.6). This is a 53% improvement from what was 
measured in Figure C.5, before sealing the floor. Closing the underfloor air diffuser 
(UFAD) outlets is a good idea for these experiments as one would minimize the 
sinking effect of SF6 into the UF plenum. With the UF plenum now out of the active 
experimental set-up, the SF6 in the air in the FEC undergoes better mixing and finds 
its way into the ceiling plenum. Of course, the overall pressurization in the FEC now 
improves as well and exerts an increased upward pressure onto the ceiling acoustic 
tiles of the FEC.  Thus, making SF6 measured at the ceiling plenum to be higher than 
FEC by 8%. The higher pressure in the FEC will also cause more air to leak out of 
FEC through other leakage areas e.g. windows and doors joints. Suspected leakages at 
the supply and return ducts in the ceiling plenum and possible gaps between the 
supply ducts, return ducts and ceiling supply diffusers and ceiling exhaust grilles 
respectively are also likely to contribute to the ceiling plenum SF6 concentration being 
higher than that of FEC. Very little amount of SF6 was measured in the supply air 
duct coming out of the AHU. SF6 exhausted out of the ventilation system was steady 
at low concentration throughout (this observation is consistent throughout). The 
observed high concentration of SF6 measured at the under floor plenum was not 
expected as the under floor diffuser, and visible leakage joints between the inert 
polymeric tiles laid to the floor of the FEC and sockets points on the floor were sealed 
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properly. This significant SF6 concentration measured at the under floor plenum 
reiterate the fact that some of the recirculated air are channeled to the supply air duct 
leading to the under floor plenum. 
 
After sealing of potential leakage areas (gaps) between the porous acoustic ceiling 
tiles and ceiling metal frames, and luminaries, the SF6 concentration measured at the 
ceiling plenum was 47% lesser than the measured SF6 in the FEC (see Figure C.7). 
This is a 55% decrease (improvement from what was measured in Figure C.6). 
Though, the ceiling was sealed, the significant amount of SF6 value measured support 
the speculation of  leakages at the supply ducts and return ducts in the ceiling plenum 
and possible gaps between the supply ducts, return ducts and ceiling supply diffusers 
and ceiling exhaust grilles respectively to contribute to the SF6 value measured at the 
ceiling plenum. The porous nature of the ceiling tiles (though, it’s of very small 
diameter) could also be contributing to the SF6 value measured at the ceiling plenum. 
SF6 concentration at the under floor plenum was 50% higher than measured SF6 
concentration in the FEC. After sealing the doors and windows joints, SF6 
concentration measured at the under floor plenum was 47% higher than measured SF6 
in the FEC (see Figure C.8). This is in the same range (47-50%) with measured SF6 in 
the Figure C.7. Measured SF6 for FEC and ceiling plenum were very close with FEC 
higher than ceiling plenum by 2%.   
 
With further sealing of all the joints between the inert polymeric tiles laid to the floor 
of the FEC (irrespective of whether the joint gaps are visible or not), and with every 
other treatments intact, more pressure was observed in the FEC, making concentration 
of SF6 measured at ceiling plenum to be higher than FEC by 20% (see Figure C.9). 
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The SF6 concentration measured at the under floor plenum was 79% higher than 
concentration measured at the FEC. This is a significant increase and the observation 
suggests that, aside recirculation of conditioned air to the under floor plenum, possible 
leakages in the FEC also explains the significant difference in SF6 measured between 
the FEC and the under floor plenum. By reducing the fan frequency from 50HZ to 
25HZ, the pressure in the FEC reduces, causing relatively lesser amount of SF6 to be 
exfiltrated from the FEC. The percentage concentration difference between under 
floor plenum and FEC was 33% with under floor plenum on the higher side. The FEC 
concentration was 29% higher than concentration at the ceiling plenum (see Figure 
C.10). The results show that by reducing the pressure in the FEC, SF6 concentration 
will be relatively higher in the FEC than when the pressure was high. 
 
C.3.2 Leakage rate characteristics of the field environmental chamber 
Prior to treatments made to the FEC and the ventilation systems, the leakage rate for 
the FEC was 1.5h
-1
. This leakage rate value (1.5h
-1
) only accounted for leakages 
through the FEC. Leakages through the ventilation ducts or any part of the ventilation 
systems were not accounted for in this particular leakage rate characteristic of FEC. In 
addition, leakages areas through the ventilation ducts would result into lesser amount 
of pressure in the FEC and this will make the leakage rate to be relatively lower, 
though there would have been significant loss of chemical species along the path of 
ventilation ducts. Figure C.11 shows leakage rate values measured in the FEC after 
series of treatments to the AHU and supply duct coming out of the AHU, and FEC. 
After sealing potential leakage areas at the AHU and supply duct coming out of the 
AHU, the leakage rate of the FEC increased to 5.4h
-1
. The leakage rate increases as 
expected because by sealing AHU and supply duct coming out of the AHU, there 
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would be more pressure in the FEC, resulting to more leakages through the FEC. 
After sealing of the under floor diffuser, and visible leakage joints between the inert 
polymeric tiles laid to the floor of the FEC, and sockets points on the floor, the 
leakage rate of the FEC was 3.8h
-1
. This is probably because there was reduction in 
the amount of SF6 leaking out of the FEC through the under floor diffusers.  
 
After sealing of potential leakage areas (gaps) between the porous acoustic ceiling 
tiles and ceiling metal frames, and luminaries, the leakage rate of the FEC was 3.7h
-1
. 
This is insignificant improvement observed after treatment to the ceiling. Possible 
explanation for this is that, as the floor is sealed and joints at the ceiling are sealed, 
some SF6 might still be leaking through the porous ceiling tiles in addition to the 
leakages at the doors and windows joints. After sealing the doors and windows joints, 
the leakage rate of the FEC was 2.1h
-1
. The significant reduction in leakage rate value 
shows that doors and windows joints are major leakage areas in the FEC. The leakage 
rate of the FEC was further reduced to 1.7h
-1  
 with further sealing of all the joints 
between the inert polymeric tiles that are laid to the floor of the FEC irrespective of 
whether the joint gaps are visible or not, and skirting joints, with every other 
treatment still intact. By reducing the fan frequency from 50HZ to 25HZ, the leakage 




. The significant reduction observed is 
due to reduced pressure in the FEC.  
 
C.4 Conclusion  
This study is important because it reiterates to researchers that before conducting 
chemical species experiment in a field environment chamber, it is advisable to 
determine air flow and leakage characteristics of the chamber to be used. Apart from 
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the advantage of providing knowledge on what has to be done to maintain stable 
concentrations of species for extended periods of time, knowledge gained from such 
investigation will be useful when computing model to predict phenomenon taking 
place in the system. It will help to achieve reasonable agreement between predicted 



























Figure C.1: Porous ceiling tiles   

















(a) Sealing of potential leakage areas at the AHU box 


































(c) Sealing of the under floor diffuser, visible leakage joints between the inert polymeric tiles 
laid to the floor of the FEC, and sockets points on the floor 
(d) Sealing of potential leakage areas (gaps) between the porous acoustic ceiling tiles and 




































































(g) Sealing of all the joints between the inert polymeric tiles laid to the floor of the FEC 
irrespective of whether the joint gaps are visible or not 
(h) Sealing of side skirting 
 









































Figure C.4: SF6 concentration profile for all the locations before treatment of leakage areas. (1) FEC (2) 
under floor plenum of the FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point 
























Figure C.5: SF6 concentration profile after sealing AHU box and ventilation duct. (1) FEC (2) under 
floor plenum of the FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point placed 



























Figure C.6: SF6 concentration profile after sealing floor diffuser and visible leakage joints between the 
inert polymeric tiles laid to the floor of the FEC, and sockets points on the floor. (1) FEC (2) under 
floor plenum of the FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point placed 

























Figure C.7: SF6 concentration profile after sealing of the ceiling. (1) FEC (2) under floor plenum of the 
FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point placed close to supply duct 

























Figure C.8: SF6 concentration profile after sealing windows and doors. (1) FEC (2) under floor plenum 
of the FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point placed close to supply 






















Figure C.9: SF6 concentration profile after sealing of all the joints between the inert polymeric tiles laid 
to the floor of the FEC (irrespective of whether the joint gaps are visible or not, and with every other 
treatments remained intact). (1) FEC (2) under floor plenum of the FEC (3) ceiling plenum of the FEC 































Figure C.10: SF6 concentration profile after changing fan frequency to 25HZ from 50HZ. (1) FEC (2) 
under floor plenum of the FEC (3) ceiling plenum of the FEC (4) AHU room (measurement point 
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Figure C.11: Leakage rate values measured in the FEC after series of treatments to the AHU and 
supply duct coming out of the AHU, and FEC. A= Sealing of leakages area at the AHU and supply 
duct coming out of the AHU; B= sealing of the under floor diffuser, visible leakage joints between the 
inert polymeric tiles laid to the floor of the FEC, and sockets points on the floor; C= sealing of 
potential leakage areas (gaps) between the porous acoustic ceiling tiles and ceiling metal frames, and 
luminaries; D= sealing of the doors and windows joints; E= resealing of all the joints between the inert 
polymeric tiles laid to the floor of the FEC, and sealing of side skirting, with every other treatments 




Appendix D:  List of Publications 
 
The following are my peer reviewed publications (as at submission of this thesis) 
during my PhD program 
 
Journal articles 
(1) MO Fadeyi, CJ Weschler, KW Tham (2009). The impact of filters, 
recirculation and ventilation rates on secondary organic aerosols generated by indoor 
chemistry.  Atmospheric Environment 43 (2009) 3538-3547 
 
Abstract 
This study examined the impact of recirculation rates (7 and 14 h
-1
), ventilation rates 
(1 and 2 h
-1
), and filtration on secondary organic aerosols (SOA) generated by ozone 
of outdoor origin reacting with limonene of indoor origin. Experiments were 
conducted within a recirculating air handling system that serviced an unoccupied, 236 
m
3
 environmental chamber configured to simulate an office; either no filter, a new 
filter or a used filter was located downstream of where outdoor air mixed with return 
air. For otherwise comparable conditions, the SOA number and mass concentrations 
at a recirculation rate of 14 h
-1
 were significantly smaller than a recirculation rate of 7 
h
-1
. This was due primarily to lower ozone concentrations, resulting from increased 
surface removal, at the higher recirculation rate. Increased ventilation increased 
outdoor to indoor transport of ozone, but this was more than offset by the increased 
dilution of SOA derived from ozone-initiated chemistry. The presence of a particle 
filter (new or used) strikingly lowered SOA number and mass concentrations 
compared with conditions when no filter was present. Even though the particle filter 
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in this study had only a 40% single-pass removal efficiency for 100 nm particles, 
filtration efficiency was greatly amplified by recirculation. SOA particle levels were 
reduced to an even greater extent when an activated carbon filter was in the system, 
due to ozone removal by the carbon filter. These findings improve our understanding 
of the influence of commonly employed energy saving procedures on occupant 
exposures to ozone and ozone-derived SOA. 
 
Keywords: Recirculation; Ventilation; Filtration; Secondary Organic Aerosols; 
Ozone-initiated chemistry; Surface removal 
 
(2)  G. Beko, MO Fadeyi, G. Clausen, and CJ Weschler (2009). Sensory pollution 
from bag-type fiberglass ventilation filters: Conventional filter compared with filters 




As ventilation filters accumulate particles removed from the airstream, they become 
emitters of sensory pollutants that degrade indoor air quality. Previously we 
demonstrated that an F7 bag-type filter that incorporates activated carbon (a 
‘‘combination filter’’) reduces this adverse effect compared to an equivalent filter 
without carbon. The aim of the present study was to examine how the amount of 
activated carbon (AC) used in combination filters affects their ability to remove both 
sensory offending pollutants and ozone. A panel evaluated the air downstream of four 
different filters after each had continuously filtered outdoor suburban air over a period 
of 6 months. Interim assessments (mid-term evaluation) were performed after 3 
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months. During both assessments, four unused filters, identical in type to the loaded 
filters, were also evaluated. The evaluated filters included a conventional F7 
fiberglass filter and three modifications of a bag-type fiberglass combination filter: 
the ‘‘Heavy’’ corresponded to a commercially available filter containing 400 g of 
carbon per square meter of filter area, the ‘‘Medium’’ contained half as much carbon 
(200 g/m
2
), and the ‘‘Light’’ contained a quarter as much carbon (100 g/ m
2
). Each 
filter was weighed at the beginning of the soiling period and after 3 and 6 months of 
service. Additionally, up- and down-stream ozone concentrations and filter pressure 
drops were measured monthly. Following 6 months of service, the air downstream of 
each of the combination filters was judged to be significantly better than the air 
downstream of the 6-month-old F7 filter, and was comparable to that from an unused 
F7 filter. Additionally, the combination filters removed more ozone from the air than 
the F7 filter, with their respective fractional removal efficiencies roughly scaling with 
their carbon content. 
 
Keywords: Ventilation filters; Perceived air quality; Activated carbon filter; Sensory 
pollution; Supply air quality. 
 
(3) MS Zuraimi, CJ Weschler, KW Tham, MO Fadeyi (2007). The impact of 
building recirculation rates on secondary organic aerosols generated by indoor chemistry.  
Atmospheric Environment, Volume 41, Issue 25, August 2007, Pages 5213-5223  
 
Abstract 
Numerous investigators have documented increases in the concentrations of airborne 
particles as a consequence of ozone/terpene reactions in indoor environments. This 
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study examines the effect of building recirculation rates on the concentrations of 
secondary organic aerosol (SOA) resulting from reactions between indoor limonene 
and ozone. The experiments were conducted in a large environmental chamber using 
four recirculation rates (11, 14, 19 and 24 ACH) and a constant outdoor air exchange 
rate (1 ACH) as well as constant emission rates for limonene and ozone. As the 
recirculation rates increased, the deposition velocities of ozone and SOA increased. 
As a consequence of reduced production rates (due to less ozone) and larger surface 
removal rates, number- and mass-concentrations of SOA in different size-ranges 
decreased significantly at higher recirculation rates. Enhanced coagulation at higher 
recirculation rates also reduced particle number concentrations, while shifting size-
distributions towards larger particles. The results have health implications beyond 
changes in exposures, since particle size is a factor that determines where a particle 
deposits in the respiratory tract.  
 
Keywords: Recirculation rates; secondary organic aerosols (SOAs); ozone-initiated 
chemistry; particle size-distributions; surface removal; coagulation.  
 
International referred conference articles. 
 
(1) MO Fadeyi, CJ Weschler, KW Tham (2009). The efficacy of filtration for the 
control of ozone-derived secondary organic aerosols (SOA) in an air handling system 
that recirculates a large percentage of its air. In the Proceedings of Healthy buildings 




This study examined the impact of filtration on the concentration of secondary 
organic aerosols (SOA) derived from ozone (of outdoor origin) reacting with 
limonene (of indoor origin) within a recirculating air handling system that serviced an 
unoccupied, 236 m
3
 chamber configured to simulate a typical office. Although the 
pleated panel filter used was only moderately efficient (35% single-pass removal 
efficiencies for 100 nm particles), the presence of such a filter (new or used) resulted 
in SOA mass concentrations that were more than 5-times lower than when there was 
no filter in the system. When, instead, an activated carbon filter was used in the 
system, the concentration of ozone and SOA were even lower than when either a new 
or used panel filter was in the system. In other words, under conditions in which 
ozone drives the production of aerosols, activated carbon filters are more effective at 
reducing aerosol concentrations than moderately efficient particle filters.  
 
Keywords: Recirculation; Filtration; Secondary Organic Aerosols (SOA); Indoor 
chemistry 
 
(2)  G. Beko, MO Fadeyi, G. Clausen, and CJ Weschler (2009). Sensory pollution 
from a conventional bag-type fiberglass ventilation filter and fiberglass bag filters 
containing various amounts of activated carbon. In the Proceedings of Healthy 





Used ventilation filters can significantly contribute to the deterioration of indoor air 
quality. The present study evaluated the sensory pollution from four filters: i) 
conventional F7 fiberglass filter, ii) commercially available bag-type stand-alone 
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fiberglass “combination filter” with activated carbon (AC), iii) filter prototype similar to 
the commercially available combination filter with only half of its carbon content and iv) 
filter prototype similar to the commercially available combination filter with only quarter 
of its carbon content. After 6 months of continuous service, the air downstream of each of 
the combination filters containing AC was judged to be significantly better than the air 
downstream of the 6-month old F7 filter and was approximately the same as the air 
quality from a new F7 filter. Additionally, the combination filters containing AC removed 
more ozone from the air than the F7 filter. 
 
 
Keywords: Ventilation filters, Perceived air quality, Activated carbon filters, Sensory 
pollution 
 
(3)  MO Fadeyi and KW Tham (2009). Airflow and leakage measurements in a field 
environmental chamber that has three supply air modes and with ventilation system 




This study provides understanding on issues to take into consideration when 
conducting chemical species measurements in a field environmental chamber (FEC) 
that has more than one supply air mode and with ventilation system recirculating 
larger percentage of its air. The aim of the study is to determine airflow and leakage 
measurements in the FEC and its ventilation systems. Investigation on SF6 
concentration profiles in the FEC and its ventilation systems after stages treatments to 
potential leakage areas of the FEC and ventilation systems were conducted at 
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ventilation rate of 2h
-1
 and recirculation rate of 14h
-1
 (corresponding to 50HZ). This 
study suggests that leakages or channeling of significant amount of recirculated air to 
unwanted locations before getting back to the FEC might make it difficult to maintain 
stable concentrations of chemical species for extended periods of time in the FEC, 
especially when only one out of the available supply air modes is being utilized. 





). By changing the fan frequency from 50HZ to 25HZ 
(corresponding to a recirculation rate of 7 h
-1







Keywords: Air flow; Leakage measurement; Field Environmental Chamber; 
Recirculation Mode 
 
(4) MO Fadeyi and KW Tham (2008). Impact of Varying Ventilation and 
Recirculation Rates In The Presence of Different Filters scenarios on Energy 
Consumption. Proceedings of Indoor Air 2008, 17-22 August 2008, Copenhagen, 
Denmark- Paper ID: 1064 
 
Abstract 
The experiments which involve 4 filter scenarios (no filter, new filter, used filter and 
new activated carbon filter), 2 ventilation rates and 2 recirculation rates were 
conducted in a large unoccupied Field Environmental Chamber simulating an office 
environment over a period of 9hours. The results of this study suggest that, to reduce 
energy consumption and still achieve adequate IAQ, ventilation and recirculation rate 
should be kept low and activated carbon filter should be used to improve the indoor 
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air quality. This is because presence of filter (according to this study) does not affect 
energy consumption and activated carbon filter has been shown in previous study to 
significantly improve indoor air quality than ordinary new filter and used filter. This 
study provides understanding of the compromise between ventilation, recirculation 
rates and filtration strategies for design and operation of air-conditioned facilities in 
the tropics to achieve low energy consumption and adequate IAQ.  
 
Keywords: Energy consumption, Tropics, Recirculation rates, Ventilation rates, Indoor 
air quality (IAQ) 
 
(5) MO Fadeyi and KW Tham (2007). Effect of mechanical ventilation system(s) to 
indoor chemistry products in air conditioned buildings: quest for tropical research. In 
Proceeding of the 9th REHVA World Congress CLIMA 2007, Hensinki, Finland, (CD-
Rom-A12k1077- both abstract and 8 pages full paper).  
 
Abstract 
The potential for reactions among indoor pollutants to generate reactive and highly 
irritating products is a reason to maintain adequate ventilation rates and clean 
ventilation filters. Terpenoid (from recirculated air, a scenario common in the tropics) 
captured by ventilation filters can react relatively quickly with ozone which may lead 
to downstream air supply that contain oxidized terpenoid and this may be perceived to 
be less acceptable than outdoor air. The chemical composition (water solubility and 
chemical reactivity) of these particles strongly governs their toxicity. The composition 
determines either how the respiratory tract reacts or how the body responds. There are 
few studies examining the impact of ventilation rate and ventilation filters on indoor 
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chemistry. Studies documenting the effect of filters, ventilation and recirculation rate 
on ozone initiated chemistry in buildings utilizing recirculation of conditioned air are 
lacking. Thus the need to stimulate research in this area to better understand the effect, 
recirculation of conditioned air phenomenon could have on indoor air quality serves 
as the motive for the quest for tropical research. The paper demonstrates that reaction 
between reactive gases to generate highly irritating products may even be more 
important in mechanical ventilation system that utilizes recirculation of conditioned 
air.  
 
Keywords: Filters; ventilation rate; recirculation rate; ozone initiated chemistry; 
oxidized terpenoid; secondary organic aerosols (SOAs).  
 
(6) MO Fadeyi, KW Tham and MS Zuraimi (2006). Effects of filtration on 
secondary organic aerosols generated by indoor ozone-limonene reactions. 
Proceedings of the Healthy buildings 2006, Lisboa, Portugal Vol 4, pp. 445-448  
 
Abstract  
This study examines the effects of filtration on secondary organic aerosols (SOA) 
resulting from reactions between indoor limonene and ozone. A total of 3 experiments 
(without filters, with clean filters and with used filters in the AHU room) were 
conducted in an unoccupied field environmental chamber (FEC) having a volume of 
220m3 (11.5 x 7.9 x 2.6m), recirculation loop volume of approximately 7m3 with 
computers, furniture present at constant recirculation rate and fresh air supply. The 
preliminary experimental (which serves as a stage of knowledge) results suggest 
evidence in support of adsorption phenomenon in HVAC system and clean filter 
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having the lowest particle concentration. However clean filters and other scenarios 
status for longer period of time is still questionable and needs further clarification.  
 
Keywords: Indoor chemistry; filtration; recirculation rate; secondary organic aerosols  
 
(7) MO Fadeyi and KW Tham (2006). Indoor chemistry: source of nanoparticles 
formation.  2
nd 
Workshop on Safety health and environmental aspects of engineered 
nanomaterials, National University of Singapore pp. 39 (Abstract and poster presentation)  
 
Abstract  
The shift in particle size distribution due air change rate (ACH) has impact on health 
as particle size is a factor that determines where a particle deposits in the respiratory 
tract. Scientists nowadays attach more importance to the particles formation from 
indoor chemistry (chemical reaction among indoor pollutants), because their sizes are 
in the nanometer scale, the same order of magnitude as the human red blood corpuscle 
(800 nm). Thus, they can reach the deepest parts of lung area and even go into the 
blood circulation, leading to cardio-vascular disease due to their water solubility and 
chemical reactivity properties. Chemical composition of these particles accounts for a 
very large part of their toxicity. The composition may determine in what way the 
respiratory tract reacts, or the body responds. One way of maintaining good indoor air 
quality requires attention to air change rate and reaction between air containing ozone 
and particles that have accumulated on filters in the air handling unit (AHU). This 
issue of indoor chemistry might even be more important in the tropical Singapore 
where used air is constantly recirculated (for energy conservation and 
dehumidification purposes) over used filter. Chemical reactions on used filter are 
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known to be a major source of toxic chemical products formation. Our research team 
is currently embarking on research to provide a systematic evaluation of the effects 
filters, ventilation and recirculation rates, as well as ozone and/ or terpenes removal 
could have on the nano-sized secondary organic aerosols, and eventually the specific 
influences of such exposures to the human responses.  
 
Keywords: Indoor chemistry; nanoparticles; health risk  
 
(8) KW Tham, MS Zuraimi, and MO Fadeyi (2006). Some effects of 
recirculation rate and filtration on secondary organic aerosols generated by indoor 
chemistry. Proceedings of 15
th 
KAIST-KU-NTU-NUS Symposium on Environmental 
Engineering, Kyoto, Japan. pp. 298-306  
 
Abstract  
Recent studies have called attention to secondary organic aerosols (SOA) as a concern 
in the indoor environment because of their potential toxicity and irritation effects on 
occupants. Ozone is present in the outdoor naturally, fluctuating with atmosphere and 
weather conditions, as well as generated indoors by various processes including 
photocopiers. Terpenes are present in many buildings and furnishing materials. SOA 
are generated from ozone/terpene reactions and participate in source-sink relations 
with components within the indoor environment, particularly the ventilation and air 
conditioning (VAC) system. SOA, whilst being transported by the VAC system, may 
be deposited within the air distribution ducts, surfaces of the room, and even on the 
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media filters in the air-handling unit. Media filters however, also serve as a sorption, 
emission, and medium of further reactions. This section summarizes findings from 2 
separate studies conducted in a large field environmental chamber with its own air 
handling unit. The first study examines the effect of recirculation rate on the 
concentrations of SOA resulting from reactions between indoor limonene and ozone. 
Four recirculation rates (11, 14, 19, and 24 ACH) and a constant outdoor air exchange 
rate (1ACH) at a constant emission rate for limonene and ozone were used. As the 
recirculation rates increased, the surface removal rate of both ozone and SOA 
increased. For second study (preliminary experimental), the fact that the used filter 
has very little effect on the particle levels in the FEC compared to “no filter” suggests 
that two separate processes are occurring – 1) the used filter is removing SOA from 
the airstream and 2) chemistry is occurring on the surface of the used filter that 
contributes SOA to the airstream downstream of the filter. The chemistry that is 
occurring on the surface of the used filter includes ozone oxidation of organics 
associated with the captured particles/SOA, as well as ozone oxidation of limonene 
and limonene oxidation products such as 4-AMC and IPOH sorbed to the used filter. 
In terms of differences between a new filter and a used filter, one would expect 
greater sorption of limonene and its oxidation products on a used filter than on a new 
filter. This, in turn, would lead to more SOA being produced as a consequence of 
ozone passing through a used filter compared with a new filter.  
 




(9) MS Zuraimi, KW Tham, CJ Weschler CJ, MO Fadeyi (2005).  Effects of 
building recirculation rates on secondary organic aerosols generated by indoor 
chemistry.  Proceedings of Indoor Air 2005, Beijing, China pp 2613-2617  
 
Abstract 
Numerous investigators have documented increases in the concentrations of airborne 
particles as a consequence of ozone/terpene reactions in indoor environments. This 
study examines the effect of building recirculation rates on the concentrations of 
secondary organic aerosol (SOA) resulting from reactions between indoor limonene 
and ozone. The experiments were conducted in a large environmental chamber using 
four recirculation rates (11, 14, 19 and 24 ACH) and a constant outdoor air exchange 
rate (1 ACH) as well as constant emission rates for limonene and ozone. As the 
recirculation rates increased, the surface removal rate of both ozone and SOA 
increased. Due to both of these factors-the lower ozone concentrations and the larger 
surface removal rates for particles- number and mass concentrations of particles in 
different size ranges decreased significantly at higher recirculation rates. The size-
distribution of the particle number concentration (less so the particle mass- 
concentration) also changed with changing recirculation rates, shifting towards the 
larger particles and a broader spread in the distribution at larger recirculation rates. 
The results have health implications since particle size to some extent determines 
where a particle deposits in the respiratory tract.  
 
Keywords: Recirculation rates; secondary organic aerosols (SOAs); ozone-initiated 
chemistry; particle size-distributions; surface removal; coagulation.  
